Br Coo LRy &

CONTRACTOR REPORT BRL-CR-627

THE XNOVAKTC CODE

(4p]

LD

Cca .

3 DTIC
| PAUL S. GOUGH ELECTE

0 APRO 6 1390

<

FEBRUARY 1990 (90 .

cavehil. Wo g

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.

U.S. ARMY LABORATORY COMMAND

DALLIOTIN DADATA
DHLLIO I r-\ ARV NIATVN

[1
ABERDEEN PROVING GROUND, MARYLAND

[m AV
mi

qiogn 09D




DESTRUCTION NOTICE

Destroy this report when it is no longer neecded. DO NOT retum it to the originator.

Additional copies of this report may be obtained from the National Technical Information Scrvice,
U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161.

The findings of this report are not 10 be construed as an official Department of the Army position,
unless so designated by other authorized documents.

The use of trade names or manufacturers’ names in this report does not constitute indorsement of
any commercial product.




DOC EN Form Approved
REPORT DOCUMENTATION PAGE  OMH No. 07040188
T e e e e Sy e e ey ;
cn‘h«mdm'muon

e [ el
reyarding thrs burden eetimate or sny other bind
wqrmom' vﬂw um burden, (0 Wathing1on Headeusrt Direct oy oact of
Dawn Highway, Suite |104 Adinqm 121024302, m"l'o the Office ot Mlnaqt':nqeﬂ and Wmm Mucw G742 Te

1. AGENCY USE ONLY (Leave blank) | 2. REPORY DATE

Febryary 1990

3. REPORT TYPE AND DATES COVERED

4. TITLE AND SUBTITLE
The XNOVAKTC Code

Final, from Oct 85 to Mar 86

07040 198), Washington,

S. FUNDING NUMBERS

C: DAAK11-85-D-0002

6. AUTHOR(S)
Paul S. Gough

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES)
Paul Gough Associates

1048 South Strect

Portsmouth, NH 03801

9. SPONSORING/ MONITORING AGENCY NAME(S) AND ADDI!SRIS;

8. PERFORMING ORGANIZATION
REPORT NUMBER

US Amy Ballistic Rescarch Laboratory
ATTN: SLCBR-DD-T
Abcrdeen Proving Ground, MD 21005-5006

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

BRL-CR-627

11. SUPPLEMENTARY NOTES

[72a. OISTRIBUTION/ AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited.

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

P A description of the one-dimensional two-phase with area change interior ballistic computer code XNOVAKTC (XKTC)

is provid:d, XKTC has the tank gun and traveling charge featurcs fully linked to the chemistry model. This version
of the code has chemical kinetics, tank gun (eatures (reactive sidewalls and boattdil intrusion) and end burning traveling
charge increments.  Other extensions include the modeling of single perforated monolithic charges, charges bonded
10 lhc tube or the projectile, and a ballistic control tube.

¢ A

The XKTC code was applicd to the simulation of traveling charges with finite reaction zones. It was conclud? that
'LL/ P OVJ R

a reaction zone of several calibers can be tolerated without significant loss of performance /

s

-

g S ——
14, SUBIECT TERMS

o~ 15, NUMBIR OF PAGES
L
?lntcnor Ballistics, Two/Phasc Flow, XKTC Monolithic Charge, ‘1 roveling Charge, NOV A,

| 170
O

Control Tube, Kinetics, { / 3| —
- ’
P ———pa R o i T I WY Y v S — VRT3
17, SECUMITY CLAssIHCAI’ION 18. SECURITY CLASSIFICATION [ 19. SECURITY CLASSIFICATION %0. LIMITATION OF ABSTRACT
OF REPORT OF THis PAGE OF ABSTRACT
IFIED UNCLASSIFIED UNCLASSIFIED __SAR

NSN 7540-01-280.5500

Standard Form 298 (Rev. 2-89)
Prexcribed by ANS Sta 239-18



GENERAL INSTRUCTIONS FOR :SOMPLETING SF 298

The Report Documentation Page (RDP) is used in announcing and cataloging reports. it is important
that this information be consistent with the rest of the report, particularly the cover and title page.
Instructions for filling in each block of the form follow. It is important to stay within the lines 10 meat

optical scanning requirements.

Block 1. A

Block 2. Report Date. Full publication date
including day, month, and year, if available (e.g. 1
Jan 88). Must cite at least the year.

Use Only (Leave blank).

Block 3. Type of Report and Dates Covered.
State whether reportisintenm, final, etc, If
applicable, enter inclusive report dates (e.g. 10
Jun 87 - 30 Jun 88).

Block 4. Title and Subtitie. Atitieistaken from
the part of the report that provides the most
meaningful and complete information. When a
reportis prepared in more than one volume,
repeat the primary title, add volume number, and
inciude subtitie for the specific volume. On
classified documents enter the title classification
in parentheses.

Black 5. Funding Numbers. To include contract
and grant numbers; may include program
element number(s), project number(s), task
number(s), and work unit number(s). Use the
followinglahels:

€ - Contract PR - Projeci

G - Grant TA - Task

PE - Program WU - Work Unit
Element Accession No.

Block 6. Author(s). Name(s) of person(s)
responsibie for wrniting the report, performing
the research, or credited with the content of the
report. |f editor or compiler, this should follow
the name(s).

Block 7. Performing Organization Name(s) and
Address(es). Self-explanatory.

Block 8. Performing Organization Report
Number. Enter the unique alphanumeric report

number(s) assigned by the organization
performing the report.

Block 9. Sponsoring/Monitoring Agency Name(s)
and Address(es). Self-explanatory.

Block 10. Spoansoring/Monitoring Agency
Report Number. (If known)

Block 11. Supplementary Notes. Eriter
information not included elsewhere such as:
Prepared in cooperation with...; Trans. of...; Tobe
publishedin.... When areport is revised, include
a statemerit whether the new report supersedes
or supplements the older report.

Block 12a. DistributiorvAvailability Statement.

Denotes public availability or limitations. Cite any
avai'ability to the public. Enter additional
limitations or special markings in all capitals (e.g.
NOFORN, REL, ITAR).

DOD - See DoDD 5230.24, "Distribution
Statements on Technical
Documnts.”

DOE - See authcrities.

NASA - See Handbook NHB 2200.2.

NTIS - Leaveblank.

Block 12b. Distribution Cr.ue.

DOD - Leave blank.

DOE - Enter DOE distribution categories
from the Standard Distribution for
Unclassified Scientific and Technical

: Reports.

NASA - {eavebiank.

MTiS - Leaveblank.

Block 13. Abstract. Include a brief (Maximum
200 words) factual summary of the most
significant information contained in the report.

Block 14. Subject Terms. Keywords or phrases
identifying major subjects in the report.

Block 15. Number of Pages. Enter the total
number of pages.

Block 16. Price Code. Entar appropriate price
code (NTIS only).

Blocks 17.-19. Secyrity Classifications. Self-

explanatory. Enter U.S. Secunity Classification in
accordance with U.$. Security Requlations (i.e.,
UNCLASSIFIED). If form contains classified
information, stamp classification on the top and
bottom of the page.

Block 20. Limitation of Abstract. This biock must
be completed to assign a limitation to the
abstruct. Enter either UL (unlimited) or SAR (same
as report). An entry in this block is necessary if
the abstract is to be limited. if blank, the abstract
is assumed to b2 unlimited.

Gack (Rev. 2-89)




SUMMARY

We deacribe the development of the INOVAKIC (XXTC) Code, a model of
interior ballistic phenomens based on a numerical solution of the governing
equetions for one—dimensional, mul ti-phase flow, XXIC is an extemsion of
the previously devoioped INOVAT Code. The extensions include revisions to
the representation of reactive sidewalls such as combustible case clements,
the modeling of monolithic charges, the analysis of charge increments bonded
to the tube or the projectile, a representation of a ballistic comtrol
devire intended to reduce the temperature coefficient of the chargu, and the
incorporation of logic to treat end—burning traveling charge increments.
Moreover, the tank gun and traveling charge features have been fully linked

to the chemistry models.

The XXTC Code is applied to the simulation of traveling charges with
finite reaction zones to assess the extent to which the ballistic
performance benefit of the traveling charge is degraded as the reaction zone
thickness increases. It is concluded that reaction zone thicknesses of
several calibers can be tolerated without a significant loss of perfomance.
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1.0 iINIRODUCTION

The purvose of this report is to document the =teps takem to create the
XNOVAKTC (XKTC) Code from other recent vergions of the NOWA Code. The XKTC
Code is intendsd to provide digital simulations of the interior ballistics
of a !idc range o gan propelling chaxges. Like all versions of the NWA
Code,.~ XKIC is based on a numerical solation of the governing equations for
the macroscopic, quasi—~one—dimensional flow defined by the sclid propellant
and its products of combustion. The XKIC Code has been developed as an
aralgam of the previously developed XNOVATZ and NOVATC3 Codes which
respectively address details of tank gun and traveling charges. Our
intention in this report is to describe certain sdditional features which
have been encoded into XKTC and to provide a oompletely updated description
of the ase of the code. However, we do not provide s complete description
of the governing equations or the method of solution.

This introduction contains two sections, IXn Sectiom 1.1 we provide
some background informatioan concerning the various versions of the NOVA Code
which have 1ad to the development of XKIC. In Section 1,2 we summarize the
new features and cross—linkages which are particular to XKTC. Anaiysis
pertinent to the new features is provided in Chapter 2.0. In Chapter 3.0 we
describe the application of XKTC to the traveling charge; we investigate the
extent to which the ballistic benefits of the end-burning traveling charge
would be compromised by a reaction zome of finite thickness., In the
Appendix we provide a complete description of the use of the IXTC Code.

1.1 Background Informmation

Our intention in this section is simply to clarify the nomenclature for
the various versions of the NOVA Code without going into the detailed
differences between them. The carlier reports cited here may be consul ted
for further discussion. The NOVA Code was originally developed to provide a
means of analyzing the aspects of charge design which contribute to the
fomation of longitudinal pressure waves in the chamber of a gun. Although
several earlier versions were developed, we mnderstand the NOVA Ccde to be
defined by the version described in Reference 1,

—— ¢ e ————

1 ¢ . P, S. "The NOVA Code: A User's Manual®
Indian Hesad Ccntract Report IHCK 80-8 1980

2 Gough, P. S. *XNOVAT - A Two-Phase Flow Model of Tank Gun Interior
Bellistics” Final Report, Task Order I, Contract DAAK11-85-D--0002 1985

Gough, P. S. "A Two-Phase Model of the Interior Ballistics of Hybrid
Solid-Propellant Traveling Charyges”
Final Report, Task I, Contract DAAEK11-82-C-0154 1983




Briefly, the NOVA Code was based on the balance equations for macro-
scopically one-dimensional tr~-phase flow, The state variables were to be
thought of as averages of the local values or microproperties. Intractable
microflow details such as drag, heat transfer and propellant combustion were
assumed to be related to the macroscopic variables by means of empirical
correlations. The NOWA Code allowed the simulation of a broad class of
conventional charges consisting of granular or stick propellant arranged in
severea]l increments. The governing equations were solved by the method of
finite differonces with an explicit allowance for the discontinuities in the
state variables at the internal boundaries defined by the ends of the
increments,

The XNOVA Code4 was developed to take advantage of more efficient
computational procedures which had been established during work on a two-
dimensional interior ballistics code.> From a modeliag standpoint INOVA
retained most of the features of NOVA, ouly certain esoteric and seldom used
options bzing deleted to produce a compact code. However, XNOVA also
contained a modeling extension relative to NOVA in that a dual-voidage
reprosentation of perforated stick charges was admitted according to which
interstitial properties were distinguished from those within the
perforations.

The XNOVAK CodeS was an extension of INOVA in which the products of
combustion of the propellant .nd igniter were permitted to react chemically.
Whereas earxlier code versions had always assumed combustion to proceed to
completion locally and simuitaneously with regression of the surface of the
burning propellant, XINOVAK adopted the viewpoint that the products of
combustion consisted of s homogentous mixture of gases, droplets and
particles in which a number of chemical reactions could occur.

INOVAK was itself extended, as described in the previouns task report,
to become INOVAT.2 The XNOVAT Code incorporated numerous features pertinent
to the modeling of tank gun propelling charges, including case combustion
and projectile afterbody intrurion. While the chemistry options of XNOVAK
were retained, they were not linked to the new tank gun optioms of INOVAT,

Gough, P, S. “"XNOVA - An Express Version of the NOVA Code”
Final Report Contract NO0O174-82-M-8048 1983

5 Gough, P, S, "Mcdeling of Rigidized Gun Propelling Charges”
Contract Report ARBRL-CR-00518 1983

6 Govgh, P. S. "Theoretical Modeling of Navy Propell ing Charges”
Final Report, Contract NOO174-83-C-0241 PGA-TR-84-1 1984




Prior to the development of INOWAK, the INOWA Code was used to create
the NOVATC Code which added to the festures of XINOWA the possibility o§
modeling all or part of the charge as an end-burning traveling charge.
Combustion of the traveling charge was treated consistently with that of the
conventiona]l propellant. Regression of the rear face of the traveling
charge was assumed to yield final products of co-bnstion at an infinitesimal
distance from the surface,

1.2 Objectives and Suwmary of Results

The objectives of the present effort have been two-fold, First, we
have fomed 3 new code by the replacement of INOWA by INOVAT in NOVATC.
Second, we have added certain new features and encoded cross—linkages of the
various options to produce the code which we refer to as the INOWAKIC Code,
or XKTC., Third, we have used XKTC to explore the extent to which the
ballistic perfomance of a traveling charge wounld be compromised if the
{ormation of final products of combustion were completed over a finmite
length, rather than at an infinitesimal distance from the base of the
traveling charge, as assumed in NOVATC,

Figure 1.1 illustrates three types of propelling charge which can be
modeled by XXTC. Figure 1.1 (a) represents a typical multi-increment charge
of the type originully addressed by NOVA or INOWA, Each increment may
consist of granular or stick propellant. Unslotted perforated stick
propellant is given a dusl-voidage represemtation. Fignre 1.1 (b)
represents a multi-increment tank gun charge. The projectile afterbody is
allowed to intrude into the region occupied by the charge and reactive
sidewall components are admitted. It is also possible to model the presence
of increment endwalls as reactive layers which resist penetratjion by the
combustion products, The increments may also be described as parallel
packaged with appropriate formulations of the flow resistance and hoat
transfer correlations. Figure 1.1 (¢c) represents a multi-increment charge
in which some of the increments burn in a traveling charge mode, in
successive planar layers from the rear. Reactive sidewalls are also
admitted, in the region occupied by tho conventional increments.

An effort has been made to link all the code options in a physically
complete manner., However, it is assumed that there are no compactible
filler matcrials present if the afterhody intrudes into the chamber or if
the traveling charge option is exercised, It is also assumed that the
projectile does not have an afterbody if the end-burning traveling charge
option is wused.

Apart from transfering the traveling charge model from NOVATC to
INOVAT, a number of revisions and extensions were added in the development
of XKTC. These are described im full in Chapter 2,0. They may be
summarized as follows.,
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First, we have extended the representation of reactive sidewalls to
admit a variation of themmochemical and mechanical properties with axial
position. Second, we have encoded & form function for a monolithic charge
which is bonded to the tube and burns only on the surface of a single
internal perforation, The projectile afterbody is permitted to imtrude into
the perforatioa., Third, we have encoded logic to represent amy charge
increment as bonded either to the tube or to the projectile, This feature
may be unsed to describe a traveling charge increment which burns in depth
rather than at the rear surface, and also admits intrusion of the projectile
af terbody. Fourth, we have encoded logic to describe a ballistic control
device vhose purpose is to reduce the temperature coefficient of the charge
through the use of a separately burmed sub—charge. Finally, we have linked

the chemistry options to the sidewall and endwall reactivity models and to
the combustion of the traveling charge.




2.0 FREVISIONS AND EXTENSIONS TO BQUATIONS

As discussed in Chapter 1.0, most of the goverming equations for the
XKTC Code have been documented in previous reports and it is not an
objective of the present report to provide a comprshensive stetement of all
the model details. However, we do discuss those equations and linkages
which are mew, This chapter contains four sections. In Section 2.1 we
discuss the revised representation of the reactive sidewalls and endwalls.
In Section 2.2 we discuss the representation of the monolithic charge, In
Section 2.3 we discuss the treatment of a charge increment which is bonded
either to the projectile or to the tube of the gunn. Finally, in Sectiom 2.4
we discuss the analysis of a ballistic control device which is intended to
reduce the temperature coefficient of the charge.

2.1 7Revised Representation of Reactive Sidewalls and Endwalls

In the previous report,2 which described the development of XNOVAT, we
discussed the representatior of reactive sidewalls and endwalls. The
sidewalls were intended to represent combustible case components and/or
ignition eiements and were understood to be attributes of any or all of the
following: the tube, the centerline, the projectile afterbody. The
sidewalls were characterized by local values of thickness and surface
regression rate. Both ignition and compressibility were taken into account
and provision was made for a layer of deterrent. However, each sidewall was
considered to have the same mechanical and themmochemical properties over
its entire length. The sidewall om the tube was permitted to have different
properties from that on the centerlime or the projectile afterbody but it
was not considered to consist of a number of segments of differing
properties.

In XKTC the representation of the sidewalls has been revised so that
each sidewall may be cheracterized as consistiung of up to three segments as
shown schematically in Figure 2.1, All the mechanical and themochemical
properties may vary from segment to segment., The initial thickness of the
layer remeians an arbitrary function of position. However, discontinuities
in thickness are not recognized explicitly by the numerical method of
solution, W¥We also do not track the segment boundaries with precision. The
properties of the sidewall at sach mesh location are those of the segment in
which the mesh point lies and no attempt is made to average sidewall
propertiecs when the mesh point is close to a segment boundary.

An additiona]l modification in XKTC is concerned with the treatment of
heat transfer to the tube. At a tube wall location which is covered by the
sidewall, the heat transfer is assumed to be zero until the sidewall is
completely burned through,
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We have also completed the linkage of sidewall reactivity to the
chemistry submodels of XNOVAK,6 1In the previous report2 we had noted the
governing equation for the rate of change of Y;, the mass fraction of
species i in the form

DY
ep o = ¢ [ YIGi - Yi ] + "e [ Yeoi ~ Yi ] + “i [ Ygii Yi ]
J N K
+ } [ Yij,o - Yi ] aa -+ Yi 2 v + } £y (2.1.1)
j=1 n=1 k=1
where Yy1gji, Yg,; and YSii are the mass fractions of species i in the

products of combustion of the igniter, the outer sidewall and the inner
sidewall respectively; Yij, o is the mass fraction of species i produced by
the near field (fizz) reaction of propellant j, and iik is the rate of
production of species i by reaction k. We also have &, porositys p.
density; ¢, i‘e’ ﬁsi and 6j as rates of production per wnit volume of
igniter products, outer sidewall products, inner sidewell products and near
field products of propellant j respectively. Finmally, ii is the rate of

loss of species i due to deposition on the surface of the solid propellant.

In the present code, the values of Y,,, and Y4, are fully supported
when the user elects to exercise both the tank gun and chemistry options at

the same time.

A similar extension applies to the reactive endwalls. Whereas the
analysis of the endwalls was previously unlinked to the chemistry optionm,
XKTC requires that the composition of the products of combustion of each of
the substrates be specified when the chemistry option is in effect. The
internal boundary conditions are then solved subject to the additional
balance laws

4
b Y +§i:¥ = by (2.1.2)




where x'nl is the mass fluox from the mixtuie region at thé boundary point
inside the endwall, m, is the mass flux at the boundtry point oatside tho
endwall, ;lsj is the rete of reaction of the j—th sublayer, and Yi:' Yi,.
Ysji are mass fractions of species i corresponding to &, &, and i'j
respectively.

2.2 Ropresentation of Monolithic Charge

In Figure 2.2 we illustrate s propelling charge which comprises a
monolithic increment. Such an increment is assumed to be bomded to the tube
and inhibited on its end surfaces so that combustion is confined to the
surface of the single central perforation. Moreover, we conside: the
possibility that the afterbody of the projectile may peneirate the
perforation of the momolithic increment.

We represent the monolithic charge in IXTC as a single voidage stick
bonded to the tube. Since end burning of stick propellant is mneglected in
the code, the inhibition of the ends is automatically captured. However, it
is necessary to take care¢ with the definition of the porosity and the fom
functions in order to model properly the rate of heat transfer during the
ignition phase and the subsequent rate of pressurization due to combustion.

Let d, be the initial dimmeter of the perforation and let d be the
local surface regression, We assume that d;, is s function of position, as
suggested by Figure 2.2. Let Ay and A, respectively denote the cross—

scctional areas of the tube and the afterbody, corrected for the presence of
any reactive sidewalls, The cross—sectional area for the two-phase flow is
considered to be

A= At- Al . (202.1)

n/4é (4, + 2d)* be the area of the perforation. Then the porosity,

Let Ap
or fraction of the flow cross—-section occupied by the products of

combustion, is

g & — . (2,2.2)

It follows thut if we define

S, =4+ 24, | (2.2.3)
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Vo= A- (A, - Ap) , (2.2.4)

then the ratio sp/Vp will yield the correct rate of pressurization of the

perforation when combustion occurs. However, the heat transfer to the solid
propellant during the ignition phase must be based on the hydraulic dismeter

4(A_ - A)

p = R 2% (2.2.5)
P (S_ + §8)
P a

where Sp is given by (2.2.3) and S, is the circumference of the afterbody.

We have already commented on the fact that we treat the monolithic
graiu as bonded to the tube. We¢ discuss the analysis of bonded grains in
the n*xt section where we also consider the possibility of bond rupture.
Howeves, rupture of the bond which attaches the monmolithic grain is
presently assomed mever to occur., If we do cousider rupture we have also to
consider the possibility that the owter surface of the grain wiil no longer
conform with the inner surface of the tube, This will affect the
c.- culation of the form functions and, more importantly, will lead to a
consideration of the formation of an outer annular ullage region and the

1ssibility of ignition of the outside of the grainm. Sixce combustion of
the outer surface could well result in the copsideruition of mass addition in
a region of arbitrarily small flow cross—section, we have regardad this
topic as being beyond the scope of the present effort.

If a reactive layer is attached to the tube wall in the region occupied
by the consolidated charge, it is assumod to bo themmally insulated unntil
the charge has completely burned through.

2.3 Analysis of Bonded Charge Increment

Figure 2.3 illustrates a charge increment which is bonded to the
projectile. Rether than writing & momentum equation for the projectile and
bonded charge as a system, we consider the equations of motion for each and
introduce an explicit force of bonding which ensures that they remain in
contact. This approach is computationally convenient as it allows us to
make use of existing coding structures with only minor modifications. Also,
the explicit computation of the bonding force allows us to consider a
rupture criterion according to which the chargs> may separate from the
projectile., We first consider a charge bonded to the projectile as in
Figure 2.3. Subseguently, we comment or the case when the increment is
bonded to the tube of the gun,

11
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The equation of motion of the projectile is

dvp Ia dA. 2,
M = go(p, t o)A+ 8, I (p + o) dz + g, I tdz + ¢ - F

z, dz 2, (2.3.1)

where M? is the mass of the projectile, Vo is the projectile velooity, p,
and o, are the pressure and intergranular stress at the base of the
projectile and A, is the flow cross-sectional area at the same point and is
defined by Equation (2.,2.1). We assume that the charge is bonded to the
afterbody over the interval [z,, 2,] and that t is the bonding force. The

symbol ¢ denotes the force dae to gas pressure and intergranular stress over
that part of the afterbody to the rear of the bonded increment. F is the
bore resistance. We use the constsnt g, t0 reconcile units of mecasurement.
As in the previous section, A, is the cross-sectional area of the afterbody.

The equation of motion of the solid propellant is

Du

(1 - e)p P+g°(1—e)a_P+;°"’_"=f -x (2.3.2)
Pmp 3z dz 5 A

where Pp is the density of the propellant, u, is the velocity, f, is the

P
interphase drag and D/Dt, is the comvective derivative along the propellant

streamline,

Now consider auxilliary variables A and L such that

z

va 3 dA‘
M —= g, (p, +0,)A, +3 I(P"'U)—-——dz+ ¢ —F , (2.3.3)
pdt 0 T2 3" "3 0 dz
z,
Du d do
(1 - ¢lp P 30(1 -e) P 4 g — = o . (2.3.4)
thp 3z ° a2 s
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Ve may mul tiply (2.3.4) by A, integrate over z and add to (2.3.3) and
perfo m simil ar operations on (2.3.1) and (2.3.2) to obtain the physically
expected result

av I3 Du dv Xa Du
up_.2+ I(l—e)ppA ;-—P-dzr-l —P+ I(l—s)pA——gdz .

dt Dt P at P

z, P 1, P

(2.3.5)

Since the condition of bondirg requires vp = ny it follows that the updated
quantities obey

LY Z,
n+l n+1 n+1

M+ - = _
o { o I (1 c)ppAdz} xpvp + I (1 e)ppA‘p dz . (2.3.6)

23 z,

The computational algorithm therefore requires that we first integrate
(2.3.3) and (2.3.4) to get vp'" and 3. Then (2.3.6) yields vp'" and

hence “B+1' We have assumed thus far that the bond between the propellant

and the projectile does not rupture, The force of bonding may be determined

n+1 n+l1
v

F=_P P y (2.3.7)
gAt p

where At = At on the predictor step and At/2 on the corrector step of the
finite difference integration. Separation of the propellant from the
projectile is assumed to occur if F exceeds & predetermined valse.,

The intergranular stress o follows from the usual constitutive !aw
according to which it is an irreversible function of porosity. Since axial
strain cannot occur for the bonded charge, the stress will be controlled by
combustion of the propellant and variations in iube area with travel. The
boundary values of o are likewise determined from the constitutive law and
not from the characteristic forms.

14




The analysis of an increment bonded to the tube is ananlogous except
that an obvious simplification arises since the tube is assumed to remain
stationary. In place of (2.3.7) we evalunate the bonding force from

I un+lppA(1 - gldz

F= -- : (2.3.8)
goAt

We also note that the attribunte of attacmment to the projectile or to the
tube applies to the increment as a whole., If the increment consists of a
mixture of propellants or of several parallel packaged bundles, all the

species or bundles are taken to be bonded until the rupture condition is
achieved.

2.4 Representation of Balli:cic Control Device

In Figure 2.4 we iliustrate a ballistic control device who~e intended
purpose is the reduction of the tempersture coefficient of the propelling
charge. The small control chary. is burmed prior to or during the ignition
of the main charge. Since thrust is supplied to the projectile via the base
of the afterbody, the conirol charge has the eifect of varying the position
of the projectile during or prior to the ignition of the main charge. At
higher temperatures the displacement of the projectile, at the time of
ignition of the main charge, is expected to increase thereby offsetting the
increased gquickness of the main charge and reducing the temperature
coefficicnt,

In our schematic illustration we show features of the IKTC representa-
tion which may or mey not be present in actual designs., We show a combus-
tion chamter within the device whose diameter differs from that of the
propul sion tube into which the projectile afterbody intrudes. We also show
sidevents along the device through which an ignition stimalus to the
propelling charge may be induced prior to the uncorking of the afterbody.

The XKTC Code also allows the exterior of the device to have an arbitrary
shape.

The model ot *he ballistic control device includes the following
details. Conditions vithin the device are presumed to be unifomm since the
device is not expected to be very long and the resolution of axial structure
according to & continuum model does not seem worthwhile. The goveraning
equations for the state of the gas within the device arec therefore
statements of the balance of mass and enerss supported by a burn rate law
for the control charge and & covolume e /vation of state. The control charge

15
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is assumed to be granniar and to consist of one of the following fomms:
sphere; cylinder; monoperforated with or without outside inhibition; seven-
perforation, The control charge is assumed to be ignited after a
predetermined delay.

The equation of motion of the projectile is modified to take into
account the thrust due to the control charge until the instaut when the
projectile mcorks,

The external geometry of the device is used to correct the valnes of
the cross—sectional area of the two-phase flow defimed by the main charge.
For the present we assume that the device is short emough that the vented
gases can be coupled to the reponse of the main charge through representa—
tion as a basepad attached to the breechface. The rate of venting per mmit
vent area is deduced from the pressures witkin the control device and at the
rear of the main charge sccording to an isentropic flow law with an
allowance for choking. The total rate of flow follows from the total vent
area which is exposed as the projectile moves, This total area consists of
the sidewall .zatribution and, when the projectile uncorks, the area of the
propul sion tube.

The total flux so computed is used to comstruct a surface source term
which is expressed as an attribute of the breechface. Reversed flow into
the control chamber is not presently considered. In subsequent work it is
intended to provide the option of representing the flux from the control
device as & sidewall source attributed to the internal boundary of the two—
phase flow. This will permit the xepresentation of longer devices than the
present methoed.

The governing equations for the state of the gas within the device are
easily derived and we simply summarize them here. The balances of mass and
energy are

dp . ; _ e - -

Vg-—— mp 1 m, pAcvp (2.4.1)
dt pp

pV de _ m (e - e) --E-EB - pAcv {2.4.2)
g dt P p by

where p is density; p, pressure; e, internal energy; VS. volume available to

gas; A,, cross-sectional area of propulsion tube; Vo

m rate of combustion of comntrol charge, Pps density of control charge)

» Projectile velocity,

e chemical energy of control charge) ﬁe. total mass flux to main charge,

pl
assumed to be always positive or zero.
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The volume available to the gas is given by

(2.4.3)
p

where V, is the volume of the combustion chamber; zp is the displacement of
the base of the afterbody relative to the entrance to the propulsion tube;
my is the mass of the unburmed propeilant.

We note that XKIC admits an
initial gas volume vSo defined by

Vzo = Vo #+ Aczpo (2.4.4)
where 2p, is an initial standoff distance., The initial volume may be
defined through either V., Zpo or both.

The rate of combustion of the propellant is

b= —2 S (2.4.5)

P vy

Po

where Sp is the surface areas of & graims vPo is the initial volume of a
grain; "po is the initial mass of the charge und d is the surface regression

rate and is assumed to obey the usual exponential dependence on pressure,
We also have

.

b = Vi (2.4.6)
vPo

where Vp is the current volume of a grain., The values of Vp and Sp are

related to the total surface regression through the usual geometrical fomm
functions.

18




The functional dependence of ie on the pressures within the control
device and at the breech of the main chamber is given by the isentropic flow
law corrected for covelume as in Reference 1.

Provision is made for a deterrent layer in the cortrol charge but there
is no presert linkage to the chemistry optiocns.
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3.0 EFFECT OF FINITE FLAME THICKNESS ON TRAVELING CHARGE PERFORMANCE

In conventional propelling charges the propellant tends to be
distributed in a nearly uniform fashion over the length of the tube and the
velocity distributions of both the propellant grains and the products of
combustion tend to be nearly linear functions of axial position as suggested
by Lagzange.7 The kinetic energy of the propuision gas is proportionmal to
that of the projectile and represents a loss of ballistic efficiency. For
artillery weapons operating with a muzzle velocity of approximat:zly 1 km/sec
the ratio of propellant mass to projectile mass (C/M) is about 0.2 and the
loss is not very important. However, there is a current interest in weapons
operating at a muzzle velocity of 3 km/sec. Estimates of the required valme
of C/M to achieve such velocities range from 3 to 8 and the kinetic omergy
of the propulsion gas therefore r-presents a significant loss.

The end-burning traveling charge has been proposed as a propulsion
scheme whereby the loss due to the kinetic energy of the propulsion gas may
be reduced.® A model of the traveling charge has been developed9 and the
theoretical advantages of this scheme have been demonstrated. However,
theory has incorporated the assumption that the final products of combustion
are formed an infinitesimal distance from the regressing rear surfeace of the
traveling charge, This assumption has not been supported by experimental
studies of those formulations which presently show the most promise.
Combus’ion has been observed to involve a complex series of steps which are
strongly dependent on composition, confinement and density of the sample.
Rather than consisting of a region of unburmned propellant separated from a
region of final combustion products by a thin reaction zone, the combustion
process was secen to involve a preliminary penetration and partial
consumption of the entire sample by a convective flamefront which was then
followed by a relatively homogeneous consumption of the remainder of the
propellant accompanied, in some cases, by deconsolidation.

Corner, J. "Theory of the Interior Ballistics of Guns”
New York, John Wiley and Son, Inc 1950

May, I. W,, Baran, A. F., Baer, P. G, and Gough, P. S,
"The Traveling Charge Effect”
Proceedings of the 15th JANNAF Combustion Meeting 1978

9 Gough, P, S. "A Model of the Traveling Charge”
Ballistic Research Laboratory Contract Report ARBRL-CR-00432 1980

10 §hite, K. J., McCoy, D. G., Doali, J. O., Aungst, W. P.,
Bowman, R, E, and Juhasz, A. A,
"Closed Chamber Burning Characteristics of New VHBR Formulations”
Proceedings of the 21st JANNAF Combustion Meeting 1984
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The objective of the present study is to imvestigate the ballistic
consequences of a finite reaction zone at the base of the traveling charge,
¥e do not attempt to model directly the complex phenomena repoxted by White
et al.10 The theoretical model is sufficiently broad that it does offer the
prospect of future simulations of combustion mechanisms of the type
described by these authors. In the present study, however, the model is
simply exercised to describe a two—step combustion process in which
regression of the base of the traveling charge yields a mixture of finmal
(TC-F) and intemediate (TC-1) combustion products. The intemediate
products react to completion at a finite rate over an extended region. The
thickness cf the combustion zone is varied by varying the ratio of fimal to
intermediate products formed in the first step and the rate of reaction of
the intermediate products.,

We provide & summary of the physical content of the model in this
introduction. The governing equations are summarized im Section 2.1.
Before discussing the model we comment further on the differences between
conventional and traveling charges.

We have already noted that the kinetic energy of the propellant and its
products of combustion represent a ballistic loss whose importance increases
with increasing muzzle velocity. The original concept of the traveling
charge seems to be due to Langveilerll who proposed the development of an
end-burning charge attached to the projectile base with a burn rate designed
to yield products of combustion at rest relative to the tube. Apart from
the purely technological problem of producing a propellant with the
necessarily enomous burn rates and the required mechaunical strength, it was
observed by Vintil? that the proposed burn rates would, in general, require
the development of a strong deflagration wave, one for which the products of
combustion would be supersnnic relative to the flame fromt. The strong
deflagration wave is believed to be themodynamically unstable™—’ and

Langweiler, H,

"A Proposal for Increasing the Performance of Weapons by tke Correct
Bucrning of Propellant”

British Intelligence Objective Sub-committee, Group 2.,

Ft. Halstead Exploiting Ceater, Report 1247 undated

vinti, J, P. “"Theory of the Rapid Burning of Propellants”
Ballistic Research Laboratory Report No. 841 1952

13 Courant, R, and Friedrichs, K. O.
"Super sonic Flow and Shock Waves” Interscience, New York 1948
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therefcre to be incapable of existing in a steady flow. Although the
traveling charge is burned in an inherently unsteady manner, the strong
deflagration limit should nevertheless apply provided that the combustion
zone is sufficiently thin that the rates of change of mass, momentum and
energy within it remain negligible by comparison with the fluxes of these
quantities through its bounding surfaces. We also note that even if the
strong deflagration were achievable, it would not necessarily represent a
useful state from an engineering standpoint due to the magnitude of the
concomitant pressure drop across the reaction zope. At the theoretical
limit of somnic or choked combustion the pressure on the unreacted side of
the flame is approximately twice that on the reacted side. The ratio of
pressures increases indefinitely with Mach number and, for the Langweiler
proposal at least, it implies indefinitely increasing stress on the barrel
throughout the combustion of the charge.

The foregoing objectiuns are particular to the Langweiler concept.
They do not rule out the possibility of improved ballistic performance
through a more general traveling charge concept in which the rate of burming
is simply required to be great enough to induce a spbstantial rearward
blowing of the products of combustion.

An additional phenemenon to be considered is the rarefaction fomed at
the instant the traveling charge burns out. The local pressure drop may be
s0 large that there is mo further significant propulsion of the projectile
following burnout. The projectile may even decelercte due to the resistive
forces. The rarefaction also bas the result that the velocity distribution
of the combustion products is relaxed to the conventional linear Lagrange
distribution with the result that the kinetic energy of the propellant gas
is restored to the conventional value and the benefit of the traveling
charge is apparently lost, It may be expected therefore that optimium
traveling charge performance will involve burmout %imed to occur just prior
to muzzle exit,

Al though the initial motivation for the traveling charge appears to
have stemmed from a consideration of the velocity field of th2s propulsion
gas, it is our view that attention is better directed towards the pressure
distribution, Associated with the linear Lagrange velocity distribution is
a parabolic pressure distribution whose gradient serves to accelerate the
propulsion gas down the tube. The pressure at the projectile base is less
than that at the breech. Accordingly, propulsion of the projectile is due
to a lower pressure than that which the tube must withstund, We illustrate
the conventional charge in Figure 3.1. We show the mixttre region separated
fico the projectile base by a small region of uliage —— .sunally no more than
one or two calibers —— which is due to the inability of the propellant
grains to match exactly the projectile velocity. We also sketch the
pressure distribution, According to the appoximate theory of Lagrange, the
ratio of breech to base pressure is given by 1 + C/2M, where C is the charge
mass and M is the projectile mass, If C/M = 0.2 as is typically the case
for artillery weapons firing at 1 km/sec then the ratio of pressures is 1.1
and the loss of efficiency is small, On the other hand, if a value of
C/M = 8 is required to achieve velociti. of the order of 3 km/sec, then the
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ratio becomes 5 and it is clear that the projectile is receiving little
propul sive benefit from the pressurc exerted on the tube. It should be
said, however, that the Lagrange distribution may provide a very poor
characterization of the pressuvre field in a conventional gun when C/M
exceeds unity and the pressore drop may not in fact be as large as 1 + C/2M,
particularly in the earlier stages of the propulsion cycle.

In Figure 3.2 we illustrate the sitnation for an ideal end-burming
traveling charge. We assume that the traveling charge is ignited following
the complete combustion of a booster charge., Therefore tha mnreacted
propellant is separated from a region of single~-phase flow by a thin
resction zone. We show & wave front moving to the rear. This compression
front would not arise in the Langweiler cycle but would be expected for
other types of burning schedules, The compression wave may also reflect
from the breech and, at a later time, be observed traveling in the opposite
direction, In the ideal representation of Figure 3.2, all the chemical
energy of the traveling charge is released in a thin layer. We accordingly
represent it as a discontinuity and we show a discontinuous drop in pressure
as we pass from the unreacted to the reacted side of the combuction zone.
¥We also show the pressure field dropping as we move through the mreacted
traveling charge towards the base of the projectile, This pressure drop is
expected to be linear, if the traveling charge is sufficiently rigid, and is
enalogous to the parabolic Lagrange pressure drop which occurs in the
propulsion gas in & conventional charge. Ve therefore note that while the
pressure distribution of Figure 3.2 is clearly different from that of Fignre
3.1, both represent the propulsion of the projectile as due to a pressure
which is less than the spacewise maximum,

When the traveling charge is comparel with the comventional charge in
terms of the relative ratios of the base pressure to the spacewise mazximum
it is not obvious that the ome concept is necessarily superior to the other.
Moreover, elementary imterior ballistic theory is not much help since the
Lagrange characterization of the pressure is mot expected to be accurate
even for conventional charges at the values of C/M of interest.

It is clear that theoretical comparison of conventional and ideal end-
burning traveling charges can only be conducted by reference to a continuum
model in which the pressure gradient is developed as 2 natural part of the
solution, The BRLTC Coded was developed to permit such theoretical
comparisons. The products of combustion were modeled as an imviscid, non-
reacting one—dimensional gas flov subject to the covolume equation of state.
The unreacted traveling charge was modeled as either rigid or as a one-
dimensional elastic continuum. The reaction zone was represented as a
discontinuity across which the solid propellant was transformed to final
products of reaction. A number of combustion laws were encoded. The
regression rate could be specified as a2 function of pressure or tailored to
yield a2 predetemined value of pressure on the unreacted side or of
projectile acceleration or of the Mach number of the combustion products
relative to the regression front. Branching between the various laws was
also admitted. The code was subsequently extended to incorporate multiple
increment traveling charges and to provide a representation of booster
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combustion.ls The booster was treated as a homogeneouns mixture and
computations of the pressure gradient were not expected to be reliable as
the mass of the booster was increased to become comparable to that of the
traveling charge. Accordingly, the NOVATC Code was developed3 to provide a
fully two-phase treatment of the booster propellant and its products of
combustion. The ideal representation of the traveling charge combustion
zone as a discontinuity was nevertheless retained in NOVATC,

Figure 3.3 illustrates the problem of interest here. We consider a
hybrid charge consisting of a conventional booster increment and a traveling
charge increment. Our approach is applicable to all values of the masses of
each of the increments relative to the projectile mass., The combustion
model for the traveling charge is extended relative to that of NOVATC. Ve
still assume the existence of a thin reaction layer at the base of the
traveling charge. However, this reaction zone yields a mixture of final
products of combustion and intermediate products. The intemediate products
react at a finite rate with the result that the traveling charge flame
thickness also becomes finite. By varying the reaction rate we may vary the
thickness of the reaction zone. When short, the zone should approximate the
behavior of the ideal traveling charger of Figure 3.2, VWhen sufficiently
extended, the zone should cause the release of energy by the intermediate
products to yield a pressure distribution similar to that of a conventional
charge. Assuming that we have identified an ideal traveling charge which is
ballistically superior to 2 conventional equivalent subject to the
assumption of 8 thin reaction zone, we may then allow the reaction zome to
become finite and determine how the performance advantage of the traveling
charge is eroded as the reaction zone increases in length,

Numerical simulations of the flow illustrated in Figure 3.3 are
perfomed nsing the INUWAKIC (XKIC) Code. The region between the breechface
and the base of the traveling charge is modeled as a heterogeneous,
mul tiphase flow which is macroscopically one-dimensional. The flow in this
region is considered to consist of the solid booster propellant and a
mixture of combustion products. The combustion producis include those of
the booster propellant and both intermediate (TC-I) aud final (TC-F)
products of combustion of the traveling charge. We distinguish between the
velocities and temperatures of the solid propellant and those of the
products of combustion, We also have as a field variable the porosity or
fraction of a2 wnit volume occupied by the mixture of combustion products.
The mixture of combustion products is multiphase but homogeneous, all
species having the same velocity and, except as specifically noted
otherwise, the same temperature, An arbitrary scheme of chemical reactions
is permitted to occur in the mixture of combustion products. The reactions
may be either of the Arrhemnius type or pressure dependent.

15 Gough, P. S. "Extensions to BRLTC, A Code for the Digital Simulation of
the Traveling Charge”
Ballistic Research Laboratory Contract Report ARBRL-CR-00511 1983
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The balapce equations are partial differential equations and_have a
)artially hyperbelic structure. They are integrated using a two-step finite
lifference scbime of the MacCommack type1 suppl emented by characteristic
‘orms at the boundaries, The chemical reaction rate equations are
.ntegrated using a simple predictor/corrector scheme which is adequate
srovided that the rates are comparable to the hydrodynamic time scales.

The traveling charge may be modeled either as rigid or as a omne-
limensional elastic continanum. Integration in the lattzr case is also by
:he MacCormack scheme, The boundary conditions at the base of the ignited
traveling charge consist of finite balances of mass, momentum and energy
together with a burn rate law., Prior to ignition the boundary conditions
ire simple statements of contact. The projectile is taken (o move as a
tigid body opposed by friction dce to the tube wall and the pressure in the
sompressed air in fromt of the projectile.

It may be seen that with suitable data to characterize the regression
rate and the 1atio TC-F:TC-1 the model can be made to simulate the first
step of the process described by White et a1.10 suitable reaction rate
model then permits the simulation of the second step, provided that
deconsolidation is not s dominant mechanism, Such data are not presently
aveilable and it is not an objective of the present study to attempt such a
direct simnlation. When more precise¢ simulation is reguired it will
probably be appropriate to model the traveling charge increment according to
the two—phase analysis presently vsed for the booster, This would allow a
more natural treatment of the porous burning phase and the subsequent
deconsolidation. However, the increased fidelity of representation would
require considerably greater computer resources and the solution would
involve a great deal of numerical stiffness which might well require
glgorithm revisions.

The major limiting assumption in the present study is that of the
homogeneity of the mixture of combustion products. If the TC-I species
consists of particles, they are required to be sufficiently small that theijr
mechanical relaxation times are negligible by comparison with the
hydrodynamic time scales. As is discussed by Wallis, 17 the characteristic
time for the equilibration of the velocity of small spherical particles, in
a gas stream is given by

MacCormack, R. W.
"The Effect of Viscosity in Hypervelocity Impact Cratering”
ATAA Paper 69-354 1969

17 we11is, G. B.

[ Na¥ - L o N B . - = P
Cue-Dimensional Two Mhase Tl 11 Maw York 1969

n
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where d is the particle diameter, p  is the particle density and Mg is the
viscosity of the gas. We may estimarec the gas viscosity at 100606C as

7.4 X 107* gm/cursec,l The value of pg will be approximately 1.6 gn/cm’®.

Thus we have t ~ 1.2 X 10*d? sec and since a characteristic hydrodynamic
time scale is 1 msec, it follows that d must be less “lLa 30 micronms for the
assumption of mechanical equilibration to be satisfied. We mote that the
thermal relaxation time is expected to be of the same order as the
mechanical relsxation time,

¥hen we discuss the numerical solutions in Section 3.3 we will consider
TC-1 particle diameters considerably larger than 30u. Failure to consider
particle slip is not considered to be a serious omission in the context of
the present study. The gemneral relationship between reaction zone thickness
and ballistic performance is not expected to be influenced strongly by the
assumption of homogeneity, The assumption of homogeneity may be of greater
concern if lttemgts are maede to simulate more directly the behavior reported
by White et al.l Apart from the previously mentioned possibility of
representing the traveling charge as a two—phase region means of XKTC, we
note tha{ research is in progress at BRL18 and in Francel® to model the
combustion of the traveling charge on a more fully non—equil ibrium basis.

3.1 Governing Rgquations

We confine our discussion to a statement of the balance eguations, the
equation of state of the mixture of combustion products, the reaction rate
law used in the present study, and the boundary conditions at the base of
the traveling charge., Referenmce will be made to previous reports for
further discussion, particularly in respect to the constitutive luws. Our
main interest here is to show the difference between the non—equilibrium
treatment of the heterogeneous mixture consisting of the solid propellant
and its produ.ts of combustion and the equilibrium treatment of the
combustion products which are viewed as a homogeneons mul tiphase mizture,

18 Eooker, D, E. and Anderson, R, D.

"Modeling of Hivelite Solid Propellant Combustion”
Ballistic Research Laboratory Technical Report BRL-TC-26 49 1985

19 Briand, R., Deivaux, M. and Nicolas, M.

“Theoretical Study of Interior Ballistics of Guns with Traveling Charge”
Report communicated by W, Oberle 1986
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3.1.1 Balance Equatioas for the Mixture of Combustion Products

These balance equations were developed inm the previous report.2 We
reproduce them in full here¢ even though they include certain terms which are
not used in the present stndy. We emphasize, however, that the full
equations stated here are completely linked to the traveling charge boundary
conditions.

The mixture of combustion products is assumed to be homogeneous. All
species are assumed to have the same velocity. In the previous 1:151::0::1:2 we
also assumed all species to have the smme temperature, As we discuss in
Section 3.1.3 we extend this in the present work to allow the species to be
partitioned into two classes, one which is thermally equilibrated and the
other which is thermally isolated. This extension was thought to be
appropriate for the treatment of a mixture which contsins burning particies.

As in Reference 2 we assume that the flow is quasi~one-dimensional and
we recognize the possible presence of reactive sidewalls attached to the
tube or to the centerline, Combustion of the gidewalls causes variations in
flow area and results in mass addition to the mixture of combustion
products, It is assumed, however, that there is no projectile afterbody
intrusion to be considered sinultaneously with the traveling charge boundary
condition,

We assume that we have a total of N chemical species which may be
cither gas~ or condensed- phases. A total of K chemical reactions takes
place in the mixture of combustion products. A total of J types of
propellant are present in a given cross—section of the flow,

We take A to be the area of the cross—section. We assume A is defined
by the inner surface of the reactive layer on the tube wall and the outer
surface of the reactive layer on the centerline snd that A excludes the
region occupied by the unburmed igniter. The mass balance for the mixture
may be written as

;v. (3.1.1)

NA Z

j—epA+-—@——epAn=¢+m +m Em—
it dz e

i=1




where & is the porosity; p, the densitys u, the velocityy; t, time; z, axial
distance; @, rate of addition of ignit.r products per unit volume, i , and

hg., rate of addition per umnit volume of outer and immer sidewall products

respectivelys hj. rate of addition per unit volume of type j propellant

products; and ii is the rate of deposition of species i on the surface of
the solid propellant, We note that when the time dependencs of A is due

solely to the combustion of the igniter we have dA/dt = @A, p s, where pyg is
the density of the unburmned igniter.

The momentum equation may be written as

J
ep D, €, — = -f_ - [ p+m +m ] u + [ o -u ] 2 n, (3.1.2)
Dt 0z § s s P j‘l J

where D/Dt is the comvective dexivative along the mixture streamlime; g,, 8

constamt to reconcile units; f,, the interphase drags and mw,, the velocity

of the solid prorellant, The energy balance may be written in the following

form:
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(3-1 13)

Here we have e, the thermal part of the internal emergy; g, heat loss to

the tube wall, q,J, heat loss to propellant type j» €y;, the chemical emergy
of the igniter; ®se and o5y the chemical energies of the outer and inner
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sidewall products; Sy; snd Pg,, the constant volmme heat capacity and
density of condensed-phase species i Qp, the heat release per unit mass of
reaction k; and ry is the rate of reaction k., We note that the presence of
the appa;cnt heating term Qkik is due to the convention adopted here of
regarding ¢ as excluding the chemical bonding energy.

Finally, we have the governing equation for each of the i species
which constitute the mixture of combustion products

J N K
+ } [ Y13,° - ¥1 mB - + Y1 } v + 2 rlk
j=1 n=1 k=1

(3.1.4)

where Y; is the mass fraction of species i» Yig;, Yse;+ Ysj; are the mass

fractions of species i in the prodocts of combustion of the igniter, the

outer sidewall and the inner sidewall respectively; Y is the mass

ij,o
fraction of species i produced by the near field (fizz) reaction of

propellant j; and iik is the rate of production of species i by reaction k.

For computational purposes it is convenient to eliminate the derivative
of ¢ from BEquation (3.1.3)., Let &; represent the right hand side of
Equrtion (3.1.3) and let c’i represent the right hand side of Equation
(3.1.4) for the i~th species, Then if ¢ is the the isentropic sound speed

at constant composition it follows that the energy equation may be restated
as

De_2 Dp.y (3.1.5)
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N
= 1 ! de
where § = ———— |, -E o S
i=1

[ae ] .
Ep — = i
ap P;Yl p.p

(3.1.6)

We note that certain of the temms in Equations (3.1.1) - (3.1.4) will

not be exercised in the present study. We will have ¢ = ise = isi =w; =0,

3.1.2 Balance Equations for the Solid Propellant

The velocity and temperature of the solid booster propellant are
distinguished from those of the mixture of combustion prodocts. We have the
balances of mass and momentum for the solid propellant in the following
forms:

J
] d .
— (1 - ¢l A+ —— (1 - ¢)p Au_ = - m. , (3.1.7)
P P P J
at dz .
ji=1
Du 3 3
(1 -¢elp —-_11+(1—e)go_l’+g A , (3.1.8)
P D;p dz ©a:z s

where Pp is the density of the propellant, up is the velocity, o is the

intergranular stress and D/Dtp is the convective derivative along the solid

propellant streamlinme.

Since the solid propellant is assumed to be incompressible we do mnot
state an energy balance, The thermal property of interest is the surface
temperature which is initially deduced from the interphase heat transfer and
a solution of the heat conduction equation applied to the interior of the
solid propellant. When the surface temperature satisfies an ignition
criterion, the heat transfer condition is replaced by a steady—-state
combustion law.

24



3.1.3 Constitutive Laws

The constitutive laws required for closure include the mixture oquation
of state, the intergranuiar stress law, the interphase drag and heat
transfer cortrelations, thv wall heat loss correlation, the ignition
criterion, the booster burn rate law and the chemical reaction rate laws,
Here we discuss only the mixture equation of state and the reaction rate
laws as these incorporate some modifications. Reference may be made to

carlier work for a discussion of the other constitutive laws. 1.,2,6,20

Ve have characterized the mixture in terms of density, p, preéssure, p,
internal energy, ¢ and specics mass fractions Y;,i = 1,.0000:0-2N. Ve also
introduce the temperature T and we assume that the mixture obeys an
effective covolume e¢quation of state

pRuT
p(1l - bp) =

(3.1.9)

M
w

where b is the effective covolume, R, is the universal gas constant and M,

is the effective molecular weight of the mixture. Moreover, since e is
understood to exclude the energy of chemical bonding we have the caloric
equation of state

e=2¢T (3.1.10)

where ¢, is the effective specific heat at constant volume for the mixture.

Ve assume for the moment that thermal equilibrium prevails among the
species so that all have the same temperature T, Then the values of b and
M, follow from a consideration of the covolume egquation of state for the

gas—phase components of the mixture, Consider a anit volume of the mixture,

20 Gough, P. S. *“Extensions to NOVA Flamespread Modeling Capacity”
Final Report for Tesk I, Contract N0O0174-80-C-0316, PFGA-TR-81-2 1981




The condensed phases occupy & fraction of the volume equal to

N pY.

——  where we assume species i = ng + l,.....,N to be condensed
1=n8+1 pci
phases and Pcy is the density of condensed-phase species i. VWithin the umit

volume are pY;/My, moles of gas—phase species i, i = 1,cc000sng where My, is
the molecular weight of species i. The gas—phase molecules occupy a

1
g

volume E pYibi where bi is the covolume of species i, The mixture
i=1

consisting of the gas—phases alone evidently satisfies the covolume equation
of state

n n
Nooov 8 8 oy,
P [1_ } p_1 —2pYibi} = RT } T’_ . (3.1.11)
i=ng+1 % i=1 j=1 "i

Comparing (3.1.11) with (3.1.9) and (3.1.10) we see that

n
£ v,
1 i
2 =2 , (3.1.12)
M M
v i=1 v,
n
g Ny '
b=) Yb o+ } i ) (3.1.13)
i=1 1=nx+1 i
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With all species thermally equilibrated it is clear that the specific heats

obey
N
o, = 2 Yo, , (3.1.14)
i=1
N
c =Y Yo , (3.1.15)
P & 1p;
i=1

where °p is the specific heat at constant volume. We also have y, the ratio

of specific heats

-Y = p /cv R (3.1-16)

We also recall that for the covolume equation of state

R

u
€ — € T oo
? v M

w

so that from (3.1.9), (3.1.10) and (3.1.16) we have

e=—2P _  [1-1bp) . (3.1.17)
(v - 1)p '

We emphasize the importance of v in respect to the themmsl response of
the mixture. Let heat AQ be added to the mixture at constant volume and
negligible inltial pressure., Then, meglecting the covolume, we have
p=1(y - 1)psQ. The increase in pressure is proportiomal 0o y - 1., PFor
gas—phase species we will have typically cp;/ey; ~ 1.25. Bowever, for

condensed-phase species we will have ¢pj/cyy ~ 1. If the mixture consists

of equal mass fractions of a gas and & solid then we will have y ~ 1,125 and




the pressure increase due to AQ will be seen to be one half the increase
that would occor if the mixture consisted only of a gas, This is the
iutvitively expected result, but it is important to sce that it is conveyed
through the dependence of vy on the composition of the mixture.

We have assumed thus far that all species have the same temperature.
Now suppose that certain condensed species are thermally isolated as would
be thc cese for large particles or for small particles surrounded by a flame
zone. Let T be the temperature of the thermally equilibrated species. Then
it is easy to see that (3.1.12) and (3.1.13) still apply since T is the
temperature of the gases. Moreover, (3.1.16) and 3.1.17) also apply but it
is pecessary to replace (3.1.14) and (3.1.15) with

¢ = E.Y.c , (3.1.18)
v

’ (3.1.19)

N
c =§ E.Y.c
llpi

where E. = 1 if species i is thsrmally equilitrated and E; = 0 if species i
is insnfated. We emphasize that this simple modification is only
appropriate when the insulated species are condensed-phases, A two—
temperblture gas mixture is not considered here.

The second constitutive law of interest here is that for the rate of
chemical reaction ¥;, which appears in Equation (3.1.4). V¥c have previously
assumed T,, to be given by an Arrhenius law.® Here we wish to model the
case in which reaction kX represents the combustion of condensed species i by
sormal surface regression. Thus .rik is the negative value of the rate of

decomposition of species i per unit volame.

Let species i consist of an aggregate of droplets or particles which

are locally identical. Let Vm and Sp, be the volume and surface area of

one particle, Then the number of pazticles per unit volume is given by

PR . (3.1.20)

p Vv
€i Pij
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If 3; is the rate of surface regression it follows that

L.==-p 8§ n .
ik cj pi pi 1

which, in view of (3.1.,20) implies

epYi&i
(3.1.21)

"
|
-

ik D /6
i

where we have introduced Dpi = 6Vpi/Spi as the effective diameter of species
i, We may assume that &i is given in the usual form, having an exponential

dependence on pressure.

In the present study we characterize the combustion of an aggregate of
particles in tems of a characteristic dismeter Dp, and the burn rate
d = Bpt, However, we do not follow the changes in particle diameter as
combustion proceeds. This is not difficult to do but it was not thought to
be worth the sdditional computational burden in the present context.
However, we note that when D, is allowed to vary, we expect that Y; and Dy,
will tend to zero together, maintaining & finite value of ¥, and assuring a
clean burn out of species i. If the value of Dp is kept constant, as is
done here, }ik tends asymptotically to zero with Y; and the particles nmever
quite burn out completely.

Accordingly, we use the following law to describe the pressure
dependent rate of reaction of species i

nj
spBip

rik = = W (3-].‘22)

Pj
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where B; is the burn rate pre—cxponent and n; is the expoment. Ve note, in
comparing (3,1.22) with (3.1.21) that we have simply dropped the factor of
Y;.

interpret Dpi = DpiYi as the initial particle diameter,

When we characterize the rate of reaction by the input datum DPi we may

3.1.4 Traveling Charge Balance Equations

In order to distinguish them from the corresponding quantities for the
booster charge, we denote the traveling charge solid-pbase stete variables
by the subscript tc. Thus we have py., u;, and oy, which denote the
density, velocity and pressure in the traveling charge., We have the

balences of mass and momentum

p
te +_""-pt B, =0 (3.1.23)
at 2 c te

Ju du do
tc te te

p + p,. u + g = f (3.1.24)
tc at tc tc 0z °© a4, v

where f, is the frictional force exerted on the traveling charge by the wail
of the tube, It is implicitly assumed that the traveling charge moves

tkrough a constant area section of the tabe.

3.1.5 Bonndary Conditiors at the Base of the Traveling Charge

When the traveling charge has not ignited, the physical boundary
condition at its base expresses the contact of the mixture of combustion
products and the non-penctration of the solid propellant, Ignition of the
traveling charge is taken to occur after & predetermined delay., Subseguent-
ly, the physical boundary ronditi.ns consist of the finite balances of mass,
momentum and energy at the regres:.ion front and either ome or two data to
determine the regression rate. One datum is required to determine the
regression rate if the products sce subsonic relative to the front and two
data are required if the products are sonic relative to the fromt. The
condition of supersonic products — the strong deflagration wave — is not
admitted.
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The finite balances of mass, momentwn and oénergy may be stated as

pA(u - ns) = ptcAtc(ntc - ns) ’ (3.1.25)
A a Pectee 2
s tc tc s
L &
o
e+2-+L(u-us)'=et‘;-+--'t—c+—1—(utc—us)z . (3.1,27)
p 280 Pee 280

Here we have ug 8s the velocity of the regressiun front relative to the gun
tube so that

u =u _+1z (3.1.28)
te

where ry, is the regression rate relative to the unburned traveling charge.

We have used the subscript tc to denote properties of the traveling charge
and to distinguish them from the booster solid propellant, We note that we
have introduced Atc' the cross—-sectional area of the traveling charge

increment, which is not necessarily assumed equal to that of the tube, in

order to account for the possible presence of an external limer used to
support the traveling charge.

It remains to discuss the conditions which specify ry.. Ve assume that
I;. obeys any of the following laws:

(a) Measured burn rate-~r, is given as s function of the pressure on

either side of the flame in ecither exponential or tabular form.

(b) Ideal burn rate—ry. is chosen 30 as to yield a predetermined

value of pressurc on either side of the flame, or to yield a predetermined
acceleration of the projectile, or to yield a predetermined value of the
Mach nomber of the combustion products relative to the flame.

(¢) Composite burn rate—r, may be required to satisfy a measnced or

ideal burn rate law subject to the constraint that the Mach number of the
products be equal to ome.
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It is always assumed *hat the Mach aumber of the products of combmstion
of the traveling charge relative to the flame is less than or equal to ome.
If the Mach number is less than one it is assumed that the burning process
is aconstically coupled to the state of mixture of combustion products and
use is made of the appropriate characlteristic constraint. Jf the Mach
number is one, acoustic coupling is not assumed and the characteristic
constraint is replaced by the condition of choking. In the latter case the
traveling charge burns as a nozzleless rocket,

Ignition of the first increment is assumed to occur at a prespecified
point in time. Following ignition, the full burn rate as described by the
appropriate law is assumed to be reduced by a coefficient which increases
from zero to one over a second user—selectable interval. When the flamme
passes from one increment to the next, a delay can be specified for the
ignition of the pew increment. The burn rate achieves the value given by
the appropriate law for the new increment after an additional delay during
which the actual valune varies linearly in time from the final value for the
previous increment to the full value for the new increment.

A strong rarefaction can be fommed when the traveling charge burns out.

As in BRLTC,? we use a simple wave solution for five steps after burmout to
allow the state variables in the mixture of combustion products to become
reasonably smooth,

3.2 Numerical Results

The nwmerical results presented here satisfy two different objectives.
First, wv¢ seek to determine the effect of a finite length reaction zome on
the interior ballistics of a traveling charge. A second objective, which
had to be satisfied prior to the first, was to complete the de—elopment of
XEKTC, including in particular, the traveling charge option and its linkage
to the chemistry option. To satisfy these objectives we started vith a
BRLTC data base which was considered to exhibit a reasonable ievel of
ballistic benefit from a traveling charge increment. This da‘a base was
then made compatible with NOVATC and necessary algorithm revisions were
identified and incorporated to achieve a satisfactory numeric¢al solution.
This solution then served as a benchmark against which the operability of
XKTC could be verifed, at least for the ideal case of an infinitesimal
traveling charge combustion zone. Finally, the chemistry option was invoked
to generate a finite flamme zone in the XKTC solutions and the effect of the
flame thickness on ballistic perfommance was appraised.
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Table 3.1 XKTC Input Daia fcr Neolaal Simulation of Ttuveling Chazge vith
Finite Flame Thickness

CONTRCGL . DATA

LOGICAL VARIABLES:

PRINT T DISK WRITE F DISK READ
I.B. TABLE T FLAME TABLE F PRESSURE TABLE(S)
EROSIVE EFFECT ¢ WALL TEMPERATURE CALCULATION
BED FRECOMPRESSED '

HEAT LOSS CALCULATION

BORE RES ISTANCE FUNCTION

TRAVELING CHARGE OPTION (0=NO, 1=YES)

CONSERVATIVE SCHEME 10 INTEGRATE SOLID-PHASE
CONTINUITY BQUATION (0=NO, OLD) 1=YES, NEW)

EINETICS MODE (0=NONE, 1=GAS-PHASE (NLY, 2=BOTH PHASES)
TANE GUN OPTION (0=NO, 1=YES)
INPUT ECHO OPTION

N o o T M

O © = O

INTBGRATION PARAMETERS

NUMBER OF STATIONS AT WHICH DATA ARE STORED 30

NUMBER OF STEPS BEFORE LOGOUT 5000

TIME STEP FOR DISK START 0

NUMBER OF STEPS FOR TERMINATION 5000

TIME INTERVAL BEFORE LOGOUT(SEC) .100 X 107*
TIM. FOR TERMINATION (SEC) 10,00
PROJECTILE TRAVEL FOR TERMINATION (IN) 157.48 (400 cm)
MAXIM/M TIME STEP (SEC) ,100 X 1072
STABILITY SAFETY FACTOR 2,00

SOURCE STABILITY FACTOR .200
SPATIAL RESOLUTION FACTOR .010

TIME INTERVAL FOR I,B, TABLE STORAGE(SEC) .100 X 10~°
TIME INTERVAL FOR PRESSURE TABLE STORAGE (SEC) .100 X 10~




FILE QOUNIERS

NUMBER OF STATIONS TO SPECIFY TUBE RADIUS
NUMBER OF TIMES TO SPECIFY PRIMER DIS(HARGE
NOMEER OF POSITIONS T0 SFECIFY PRIMER DISCHARGE
NIMBER OF ENTRIES IN BORE RESISTANCE TABLE
NMIMBER OF ENTRIES IN WALL TEMPERATURE TABLE
NUMBER OF ENTRIES IN FORWARD FILLER ELEMENT TABLE
NUMBER OF TYPES OF FROPELLANTS

NUMBER OF BURN RATE DATA SETS

NOMBER OF ENTRIES IN VOID FRACTION TABLE(S)
NOMBER OF ENTRIES IN PRESSURE HISTORY TABLES
NOMBER OF FENTRIES IN REAR FILLFR ELEMENT TABLE

O O O = K+ O O O O O W

GENERAL PROPERTIES OF INITIAL AMBIENT GAS

INITIALL. TEMPERATURE (R) 540.0 (300K)
INITIAL PRESSURE (PSI) 14.7 (0.101 MPa)
MOLECQULAR WEIGHT (1LBM/IBMOL) 28.960

RATIO OF SPECIFIC HEATS 1.400

GENERAL FROPERTIES OF PROPELLANT BED

INITIAL TEMPERATURE (R) 540.0 (300K)




FROPERTIES OF

PROPELLANT TYPE

MASS OF PROPELLANT (IBM)
DENSITY OF PROPELLANT (LBM/IN')
FORM FUNCTION INDICATOR
(UTSIDE DIAMETER (1N)

INSIDE DIAMETER (IN)

LENGTE (IN)

NUMBER O} PERFORATIONS

SLOT WIDTH (NFORM=11)
OR SCROLL DIA. (NFORM=13) (IN)

PROPELLANT STACKED (0=NO, 1=YES)

ATTACHMENT CONDITION (O=FREE,
2=ATTACHED TO PRATECTILE)

BND STRENGTH (LBF)
(N.B, ZERO DEFAULTS T0 INFINITY)

PROPELLANT 1

BOOSTER

1=ATTACHED T0 TUBE,

EHEGLOGICAL PROPERTIES

SPEED OF COMPRESS ION WAVE
IN SETILED BED (IN/SEC)

SETILING PORGSITY
SPEED OF EXPANSION WAVE (IN/SEC)
POISSON RATIO (-)

1740

3000

SOLID PHASE THERMDCHEMISTRY

MAXIMIM PRESSURE FOR BURN RATE
DATA {IBF/IN?)

BURNING RATE PRE-EXPONENTIAL
FACTOR (IN/ SEC-PS IBN)

BURNING RATE EXPONENT

BURNING RATE OONSTAMT (IN/SEC)
IGNITION TEMPERATURE (R)
THERMAL CONLUCTIVITY (IBF/SEC-R)

T EW A0AT

nY M
AL, Vs

a TUTrv
L'I'UY

2
ViTY {(IN /'"”1

Sasve

EMISSIVITY FACTOR

100000,

.1790 X 107
.8650
0.0000

539.0 {299,4K)

.2770 X 107*

L1248 X 107}

I

.600

.5327
.0600

(242 gm)
(1.66 gw/cm®)

.2415
.0281
5795

(0,613 om)
(0.071 cm)
(1.472 om)

0.0000

0
1,0
0.
0.0

(44196 om/sec)

(127000 om/sec)

(689.5 MPa)

(0.3368 cm/se c~MPaBN)

(2.22 X 10”* J/cm-secK)
(8,677 X 107 om?/sec)




GAS PHALE THERMO(HEMISTRY

CHEMICAL ENERGY RELEASED IN BURNING (IBF-IN/LBM) 17280 X 108 (4304 J/gm)
MOILECULAR WEIGHT (LBM/LBMOL) 19.4000

RATIO OF SPECIFIC HEATS 1.2300

COVOLUME 32.9000 (1.189 cm’/gm)

LOCATION OF PACKAGE(S)

PACKAGE LEFT BDDY RIGHT BDDY  MASS INNER RADIUS QUTER RADIUS
(IN) (IN) (1IBM) (IN) (IN)
1 0.000 7.963 0.533 0.000 0,000

(20,22 cm) (241.8 gm)

PARAMETERS TO SPECIFY TUBE GEDMETIRY

DISTANCE (IN) RADIUS(IN)
0.000 .7187
200.000 (508 cm) 187 (2.0 cm)

THERMAL PROPERTIES OF TUBF

THERMAL CONDUCTIVITY (IBF/SEC-R) 7.770 (0.662 J/cm—sec-K)
THERMAL DIFFUSIVITY (IN*/SEC) .2280 X 10™* (0.147 am®/sec)
EMISSIVITY FACTOR .700

INITIAL TEMPERATURE (R) 540,00 (300K)

PROJECTILE AND RIFLING DATA

INITIAL POSITION OF BASE OF PRAVECTILE(IN) 0.000
MASS OF PRQJECTILE (IBM) 0,000
POLAR MOMENT OF INERTIA (1BM-IN?) 0.000

ANGLE OF R1FLING (DEG) 0.000




CHEXISTRY OPTION DATA

NUMBER OF SPECIES 4
NOMBER OF GAS-PHASE REACTIONS ‘
NUMBER OF SOLID-PHASE REACTIONS 0

PROPERTIES OF SPECIES

NAME  PRASE v cp COVOLUM: ML.WGT DENSITY TRANSFER

IBF-IN/IBM-R IBF-IN/IBM-R IN®/IBM LB/IBMOL IBN/IN® COEF.

AIR G 3824.7 4780.9 32.900 19.400 0.00000 0.
BOOSTER G IR4.7 4780.9 32,900 19.400 0.00000
TCI S 3824.7 3824.7 0,000 0,000 . 06000 0.
(1.66 gm/cm’)
TCF G 3824.7 4780.9 32,900 19.400 0.00000 0.
(1.715 {2.144 (1.189

J/gmK) J/gnK) cn’ / gm)

OONPOSITION OF LOCAL COMBUSTION PRODUCIS OF PROPILLANT 1

ENERG Y MASS FRACTIONS (-)

LBF-IN/LBM YO( 1) YO( 2) YO( 3) YO( 4)
17280000 0.00000  1.00060  0.00000  0.00000
(4304 J/gm)

COMPOSITION OF LOCAL COMBUSTION FRODUCTS OF TRAVELING CHARGE

ENERGY MASS FRACTIONS (-)
1BF-IN/ LBM YICco( 1) Yrco( 2) YIco( 3) YICo( 4)
8640000, 0.00000 0.00000 0.50000 0.5G000

(2152 J/gm)

(ONPOSITION OF COMBUSTION PRODUCTS OF IGNITER

ENERG Y MASS FRACTIONS (-)
LBF-IN/1BM Yo( 1) Y0( 2) Yo( 3) Y0( 4)
0. 0.00000 0.00000 0.00000 0.00000
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CONPOS ITIGN OF AARIINT QAN

ENERG Y MASS FRACTIONE (-}
LBF-IN/IBM Yo( 1) ©Y0C 2) f R
864727. 1.,00000 0.00000 0.GGo00
( 215 J/gm)

GAS-PHASE REACT (OR DATA

Yol 4)
.00000

REACTION 1

REACTANT SPECIES 3 0 O PRODUCT SPECIES 4
STOICH IOMETRIC COEFFICIENTS (IBM) 1. 0. 0. O. 1.
BEAT OF REACTION (IBF-IN/IBM) 17280000. (4304 J/gm)
PARTICLE DIAMETER (IN) 0.1 (0,254 o)
BURN BATE ADDITIVE CONSTANT (IN/SEC) 0.

BURN RATE COEFFICIENT (IN/SEC-PSIBN) .17900 X 107?
BURN RATE EXPONENT (-) .8650

T.C. CONTROL DATA

IDEAL BURN BATE LAW

CONTINUUM MODEL OF UNREACIED PROPELLANT

NUMBER OF PROPELLANTS

PROPELLANT WALL FRICTI(N PARAMETER

NUMBER OF ENTRIES IN PRQJECTILE BORE RES ISTANCS TABLE
INDICATOR FOR AIR RESISTANCE

NUMBER OF ENIRIES IN (BTUBRATOR FRICTIGN TABLE

INTEGRATION PARAMETERS

MAXIMUM NUMBER OF MESH POINTS
MINIMOM MESH SIZE (IN)
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PRQJ. AND IRAV. CHARGE PROPERTIES

T.C. DIAMETER (IN) 1.575 (4.0 cm)
INITIAL POSITION OF REAR FACE OF PROPELLANT (IN) 7.963 (20.22 cm)
PRQJECTILE MASS (1BM) .35270 (160 gm)
CHARGE MASS (IBM) 542 (245.8 gm)
MAXIMOM PRESSURE IN UNREACIED PROPELLANT (PSI),

IF IDEAL-2 100000. (689.5 WPa)
MAXIMIM MACH NOMBER OF REACTION PRODUCTS . 999
. MAXIMUM ACCELERATION OF PROJECTILE (G) 0.
RATIO OF SPECIFIC HEATS OF AIR (-) 1.4000
PRESSURE OF AIR IN BARREL (PSI) 14.700 (0,101 MPa)
TEMPERATURE OF AIR IN BARREL (R) 540.,0 (300K)
MOLECULAF. WEIGHT OF AIR IN BARREL (1BM/IBMOL) 28.9600

RESISTIVE FRESSURE DUE TO GBTURAT(R

TRAVEL RESISTIVE PRESSURE
(IN) (PSI)

0,000 800. (5.52 MPa)
.500 (0.27 cm) 500, (3.45 MPa)
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FPROFERTIES OF PROPELLANT NUMBER

RATIO OF SPECIFIC HEATS (-)

COVOLUME (IN’/LBM)

HOLECULAR WEIGHT (LBM/LBMOL)

(HEMICAL ENERGY OF PROPELLANT (1BF-IN/LBM)
DENSITY OF PROPELLANT (IBM/IN®)

INITIAL MASS (LBM)

IGNITION DELAY (MSEC)

DELAY FOR TRANS. TO FULL BURN RATE (MSEC)
BURNING RATE ADDITIVE CONSTANT (IN/ SEC)

BURNING RATE PRE-EXPONENTIAL FACTOR (IN/SEC-PS

BUBRNING RATE EXPONENT (-)
TC GRAIN LENGTH (IN)
LENGTH BREEG TO PROJECTILE BASE (IN)

COMPRESSTON WAVE SPEED IN PROPELLANT (IN/SEC)
EXPANSION WAVE SPEED IN PROPELLANT (IN/SEC)

BURN RATE FORMAT (0=EXP» 1=TABULAk)
BURN RATE DEPENDENCE (0=PRES; 1=STRESS)

1.250
32.900
19.400
17280000.
.0466
.5415
1.800
.100
-1
BNy -1
-1
5.966
13.929

118110.
0.

(1,189 cm®/gm)
(4304 Y/gm)

(1.290 gm/cm?)
{160 gm)

(15.15 cm)
(35.38 cm)

(300000, cem/sec)




A representative XKIC data base, including the chemistry data, is
presented in Table 3,1. The problem of interest imvolves a total propellant
mass of 488 gn and a projectile mass of 160 gm so that C/M is approximately
equal to 3 The gun bore dismeter is 4.0 cm and the projectile travel is
400 cm, The charge is divided into a booster couwponent, consisting of
seven-perforation granolar propellant and having a mass of 242 gm, and a
traveling charge component whose mass is 246 gm. The booster granulation is
selected to achieve 2 maximum breech pressure of approximately 690 MPa which
occurs st about 1.2 msec after the booster is ignited. Ignition of the
traveling charge occurs at 1.8 msec when the breech pressure has fallen to
approximately 250 MPa. The rate of surface regression of the traveling
charge is required to yield s stress, on the unreacted side of the flame,
equal to 690 MPa, provided that the Mach number of the products doss not
excesd 0.999. If the stress cannot be achieved without violating the Mach
number constraint, the regression rate is chosen to yield a Mach number of
0.999. The solution within the _aveling charge is assumed always to be
acoustically coupled to that in the mixture of combustion products.

The duta of Table 3.1 were developed from a BRLTC data base which we
refer to as 40MIC3. Certain modifications were incorporated in order to
arrive at tue data of Table 3.1, apart from considerations of a chemical
reaction in the mixture of combustion products, BRLTC models the boonster
increment as o single~phase substance and the pressure gradient responds
only to the momentum of the combustion products. Accordingly, BELTC tends
to underestimate the pressure gradient when compared with the more complete
two—-phase analysis of NOWATC or XKTC. The NOVA data bases therefore
incorporated a somewhat lower burn rate coefficient to produce the same
maximum chamber pressure as BRLTC, It also became necessary in the NOVA
runs to advance slightly the time of ignition of the traveling charge
increment in order to assure burnout prior to muzzle exit. In Table 3.2 we
compare the predictions of BRLTC, NOVATC and XKTC for the 40MIC3 data base.

Table 3.2 Code Dependence of Nominal Thin Flsme TC Data Base (40MI'C3)

Code Max Press. Muzzle Velcuity Aunfh Ae%
(MPa) (m/ sec)

BRLTC* 699 2879 0.67 0.36

NOVATC*® 691 2860 -1.9 0.04

XkTC** 687 2854 -2.1 -0.95

Bcoster burn rate = 0,00185p°*‘!, TC ignition at 2.0 msec, maximum of
31 points for booster and TC combined,

* Booster burn rute = 0.000179p°-***, TC ignition at 1.8 msec, 16 pcints
for booster, maximum of 11 for TC,




Good agreement is seen between the three sets of calculations. These
results serve to demonstrate the operability of XXTC for the thin fl ame
traveling charge calculations and to confirm the data of Table 3.1 as
reproducing the performance of 40MIC3 in BRLTC. Ve note that we have slso
tabul ated values of the final percent mass and e¢nergy defects, Ash and Ae%,
as indicators of numericel accuracy. Values of these quantities less than
1% would be desirable, but we bave accepted results in this study for which
the final defects were as large as 2 or 3%,

To verify that these mass and energy defects did not imply excessive
mesh dependence we present solutions for three different problems obtained
with 30 and 60 mesh points for the region occupied by the mixture of
combustion prodocts. The first problem, identified as the thin flame TC,

Table 3,3 Mesh Dependence of XKTC Solutions

Problem Number of Max Press. Muzzle Vel. Anfh Ae%
Booster {MPa) (m/sec)
Me sh Points
Thin Flame TC 30 692 2875 -2.4 -1.4
60 598 2875 -1.9 -1.3
Conventional Eguivalent 30 689 2476 -1.16 -0.54
60 696 2483 ~-0.38 ~0.11
Finite Flame TC* 30 684 2603 -1.58 -2.22
60 689 2589 -1.23 -1.82

* Burn rate = 0.000179p° +***, TC-I/TC-F = 50/50, Dp = 0.254 cm

is the 40MI'C3 data base adapted to XIKTC. The second problem, identified as
the conventional equivaleat, is a charge consisting entirely of granular
propellant and having the same total mass ts 4O0MIC3. The third problem,
identified as the finite flame TC, corresponds precisely to the data of
Table: 3.1. Good mesh indifference is exhibited for all three problems and
it is assumed, unless otherwise explicitly moted, that the solutions
presented here have an accuracy of 1 or 2%.

The conventional equivalent data base was formed by taking the
traveling charge increment to be a conventionsl granular increment of the
same mass and chemical energy. In order to obtain & conventional loading
density of approximately 60% it was necessary to move the projectile forward
a8 distance of 5 cm. The travel was still assumed to be 400 cm so that the
conventional equivalent result corresponds to a slightly longer gun than the
traveling charge results. This difference is not believed to be
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significant, The granulation of the conventional equivalent was varied to
achieve a maximum breech pressureé of approximately 690 MPx. Tsble 3.3
therefore shows a ballistic benefit of the traveling charge in the sense
that the muzzle velocity exceeds that of the conventional equivalent by
400 m/se¢ at the same maximom pressure.

It should be noted that the maximum pressure for the traveling charge
is achieved not only at the breech but also further downbore in the regions
occupied by the traveling charge following ignition. We do not consider the
oxtent to which the ballistic benefit is offset by the potentially increased
structural burden on the tube,

The finite flsme TC calculation shown in Table 3.3 assumes that the
regression of the base of the traveling charge yields a mixture of final
combustion products (TC-F) and intemm:diate products (TC-I) in the ratio
TC-F/TC-1 = 50/50. The intermediates are assumed to react according to
Equation (3.1.22) with Dpi = 0,254 cm., We understand this valume to

correspond to an initial particle diameter equal to 0.127 cnm.

We note that the maximum pressure in the finite flame TC calculation is
essentially identical to that in the two preceding cases. This will be true
of all the calculations considered here. ‘ccordingly, the evaluation of
ballistic performance is reduced to an e.-:mination of the muzzle velocities,
It is evident, in Table 3.3, that this particuniar finite flame TC data base
exhibits considerable degradation of perfomance, the muzzle velocity
exceeding that of the conventional equivalent by omnly 125 m/sec,

In order to relate the degradation of the traveling charge performance
benefit to the thicknezs of the flame zone we .introduce the characteristic
reaction zone length L defined as

L 3
. o eprYidx

L F — . (302-1)

L
o spAYidx

Here x is a coordinate originating at the base of the traveling charge and L
is the distance to the breechface. We have e, porosity; p, mixzture density)
A, cross-sectional area of the tube; and Y; is the mass fraction of the
intermediate product species TC-I.

It siould be noted that we have Y; in the numerator and Yi in the

denominator. Hence L* is a measure not only of the length of the reaction
zone but also the concentration of TC-I.
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It is easy to verify that if

4 Y, 0Lxs
7, = (3.2.2)
0 x > Lg ,

L = . (3.2.3)

In such a case Ly = 2L*/Y and will be equal to 4L* if Y, = 0.5. The
distribution (3.2.2) corresponds to a flamesheet model with TC-I being
consumed very rapidly at a standoff distamce Ly, If we bhave s distribution

more appropriate to our particle burning model in the fom

I 4
Yi = 4 (3.2.4)
k 0 x > Lg ’

[ ]
L= f (3.2.5)

We may therefore interpret values of L® as corresponding to an ideal fime

length Ly = 6L*/Y, if the distribution (3.2.4) applies.

Our subsequent reselts will introduce a non-dimensionsl flame length

L
Lnp which is simply related to L® by

]_ND=_. (3.2.6)

where Dy is the diameter of the bore.
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Table 3.4 prescats the relationship between muzzle velocity and flame
thickness for a series of data bases corresponding to Table 3.1 Only the
composition of the products of surface decomposition TC-F/TC-I and the
particle diameter DIJ are varied,

Table 3.4 Relation Between Muzzle Velocity and Flame Thickness
(TC-I Burr Rate = 0.337p°**f cm/sec)

TC-F/TC-1 Dy  Lyp gy Muzzle Vel.  £-TCT Asth Ae%
cm m/ sec
50/ 50 0.127  0.40 2889 0.000 3.37 2.89
50/50 0.254  1.52 2603 0.050 -1.58  -2.22
50/ 50 0.381  3.36 2502 0.123 -2.17 2.7
50/ 50 0.508  5.56 2461 0.188 ~2.25  -2.86
75/25 0.127 0.14 2906 0.000 0.46 1.61
15/25 0.254  0.45 2793 0.007 -2.21  -1.39
75/25 0.381  0.89 2732 0.021 -2.45  -1.69
715/2% 0.508  1.45 2703 0.037 -2.58  -1.86
25/15 0.127  0.79 2830 0.000 2.58 1.23
25/15 0.254  2.54 2434 0.131 1.60  -1.51
25/15 0.381  6.07 2249 0.301 -0.18  -3.38
25/15 0,508  8.42 2175 0.389 0.91  -4.17

For each run we tabulate TC-F/TC-I, the ratio of the mass fractions of
the final and intermediate Tg products at the base of the traveling charge;
Dy, the particle diametery Lyp yax, the maximum value of Lyp which occurs in

the solution; the muzzle velocityr f-TCI, the value of the mass of the
unburned intermediates at muzzle exit divided by the initial mass of the
traveling charge; and Anth, Ae®™, the final mass and energy defeots.

It is evident in Table 3.4 that many of these runs inmvolved an
appreciable quantity of unburned traveling charge intermediates at muzzle
exit., In order to remove the complicating influence of unburned propellant
from the relation betwesn muzzle velocity and flame length, we repeated the
matrix of runs with a2 particle burn rate calculated to ensure complete
burnout of the intermediates, These results are shown in Table 3.5,
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Table 3.5 Relation Between Muzzle Velocity and Flame Thickness
(TC-1 Burn Rate = 50.8 om/sec)

TC-F/TC-I D,  Lyp yax Muzzle Vel.  f-TCI Aus, Ae%
cm mn/sec
50/ 50 0.127  0.54 2832 0,000 1.10 0.12
50/ 50 0.25¢  1.27 2726 0.000 -1.68  -2.38
50/ 50 0.381  1.90 2659 0.000 -2.10 2.7
50/ 50 0.508  2.50 2604 0.000 -2.17 ~2,82
75/25 0.127  0.14 2883 0.000 ~0.37 0.54
75/25 0.254  0.33 2824 0.000 -2.23  -1.41
715/25 0.381  0.48 2792 0.000 -2.47  -1.68
75/25 0.508  0.64 2766 0.000 -2.51 -1.1
25/15 0.127 1.12 2774 0.000 1.25  -0.51
25/15 0.254 2,04 2665 0.000 0.95  -2.56
25/15 0.381 2.92 2556 0.000 .27  -3.711
25/75 0.508  3.70 2459 0.000 -0.77  -4.23

The results of Tables 3.4 and 3.5 are presented graphically in Figure
3.4. It is evident that, for those data corresponding to complete
combustion, there is quite a gond correlation between muzzle velocity and

LED.HAX' We also indicate the muzzle velocities obtained with the ideal

thin flsme traveling charge and its comventional equivalent. It is further
evident from Thbles 3.4 and 3.5 and from Figure 3.4 that there are solutions
with values of Ly yux of the order of 0.5 to 1.0 for which the degradation

of traveling charge pexformance .omefit is quite small. Thus we conclude
that a characveristic flamme length of one caliber is guite compatible with
the theoretical benefit of the traveling charge. Since Eguation (3.2.4) is
a reasonable representation of the distributionm of the intermedimte species
and since Y, corresponds to a value between 0.25 and 0.75 in these

calculations, we may say that & physical combustion zone thickness of five
to ten calibers appears tolerable without substantial degradstion of
performance.
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We conclude our discussion with one other comment. In Table 3.6 we
examine the effect on performance of the time of ignition of the traveling
charge for the case TC-F/TC-I = 50/50, Dp = 0.508 am in Table 3.5, The

nominal delay is 1.8 msec and we consider a range from 1.4 to 2.4 msec. It
is evident that for this problem thore is virtually no dependence of muzzle
velocity on ignition delay. Accordingly, the loss of performance due to
flame thickness cannct be coopensated by a change in ignition delay, at
least in this case.

Table 3.6 Effect of TC—-Ygnition Delay on Finite Flame TC Performance
(TC-F/TC-1 = 50/ 50, Dp =0,508, B.R. = 50.8 cm/sec)

TC-Ignition Delay Muzzle Velocity Lyp yay  £TCT - A% Ae%
msec m/sec
1.4 2575 2.28 0.000 ~2.21 -3.08
1.6 2590 2.43 0.000 -2.14 -2.85
1.8 2604 2.50 0.000 -2.17 -2.82
2.0 2605 2.46 0.000 -2,23
2.2 2607 2.39 0.009 -1,79
2.4 2592 2.30 0.044 0,87 -z...
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5.
t

NOMENCLATURE
Cross—sectional area of flow. Equals area of tube minuns
intrusions of reactive sidewalls, unburned iguiter and
projectile afterbody.
Burn rate coefficient,

Covoiume,

Isentropic sound speed in mixture of combustion products at
constant composition,

Specific heat at constant pressure,

Specific heat st constant volume.

Effective dismeter of particle,

Surface regression.

Initisl diameter of perforation,

Internal energy. Thermal component only.

Heat released per unit mass of igniter,

Hert released per unit mass of propellant type j.

Heat released per unit mass of sidewall.

Steady-state interphase drag.

Friction force betveen traveling charge and tube wall,
Constant used to reconcile units of measurement,

Total number of types of solid propellant.

Totel number of reactions in mixture of combustion prcducts.
Mass of projectile,

Molecular weight,

Rate of decvomposition per unit volume of oropellant type j.
Rate of decomposition per unit volume of reactive sidewall.

Total number of species in mixtvre of combustion products.



Burn rate expenent,

Pressure.

Beat rcleased per unit mass by reaction k.

Heat loss per unit volume to tube wall.

Beat loss per unit volume to propellant type j.
Universal gas constant.

Rate of reaction k per unit volume,

Rate of production of species i by reaction k.
Rate of regression of rear surface of traveling charge.
Surface area of a grain,

Temperature,

Time.

Velocity of mixture of combustion products,
Velocity of soulid propellant.

Velocity of trsveliag charge.

Volume of a grain.

Projectile velocity.

Rete of deposition of condensed-phase species i onto surface of
s0lid progellant,

Mass fraction of species i in mixture of combustion products.

Mass fraction of species i in near field products of combustion of
propellant type j.

Mass fraction of species i in products of combustion of igniter.
Mass fraction of reactive sidewall,

Axial coordinate,
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Greek Symbols

Ratio of specific heats.

Porosity or fraction of unit volume occupied by mixture of

combustion prodocts.

Nonhomogeneous term in balance equations,
Density of mixture of combustion products.
Density of condensed species in mixture of
Density of unburmed igniter

Density of sidewall.

Density of traveling charge.

Intergranul ar stress.

Stress in traveling charge

Rate of decompositiow of igniter.

Speciai Symbols

combustion products.

Convective derivative along streamline of mixture of combustion

products.

Convective derivative along solid-propellant,
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APPENDIX:

XNOVAKTC (XKTC)--STRUCTURE AND USE
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Our intention in this Appendix is to provide the user of the code with
some understanding of its macrostructure and full details of the specifica-
tion of input data. Ve do not attempt to document the code in such detail
as to permit revisions by the user. XKIC is an extension of NOVATC, XNOVAT
and XNOVAK which are, in turn, extensions of the express version of the NOVA
Code kncwn as XNOVA. 3XNOVA is a subset of the NOVA Code and certain of the
details of the original versions of the NOVA Code which were deleted in the
preparation of XNOVA are also absent from its successors XNOVAK and INOVAT.
Discussions of the structure of NOVA, NOVATC, XNOVA, XNOVAK and INOVAT may
be found in earlier reports.1'3'4'6'2 Al though we provide a complete
tabulation of the present set of code subroutines and functions, our gemeral
discuyssion is confined to the differences between XKXC and its predecessors.

The discussion of structure and of input is contained in the two
following Sections. Before proceeding, however, we wish to draw the user's
attention to certain general restrictions on the use of the code.

First, it should be noted that existing NOVA, XNOVA and NOVATC data
bases cannot be read by XNOVAE, XNOVAT or XKTC. Although we always attempt
to maintain data base compatibility between the various code versioas,
XNOVAK, XNOVAT and XKTC do require a minor change to pre—existing data
bases, File [M4), described in Table A.5, always consists of two cards in
INOVAK/INOVAT/XXTC data sets. Pre-existing NOVA, XNOVA and NOVATC data sets
in which File [M4] consisted of just one card may be made compatible with
XNOVAK/XNOVAT/XKTC by the incorporation of a single blank card following the
pre-existing File [M4). No change is required to pre-existing data bases '
for which [M4] already consisted of two cards, A corresponding revision to
XNOVAK/XNOVAT/XKTC dats bases is required if they are to be run on NOVATC,

- XNOVA or NOVA. However, all XNOVAK data bases cun be read by XNOVAT and
XKTC.

Second, in regard to the summarized solution histories given at the
conclusion of each run, it should be aoted that the energy defect calcnla-
tion does not presently support the full chemistry option. If intemediate
combustion products are present, the tabulated energy defect may become
quite large. Only the mass defect can be depended upon to gage the accuracy
of the numerical solution in such cases. The single exception to this
statement is that of the traveling charge with a finite flame thickness, In
this special case, whers there is just one intermediate species, the emergy
defect calculation reflects the chemical energy stored in the intermediates.
Moreover, in this special case, the mass fraction calculation for propellant
type three in the summary table is used to tabulate the ratio of the mass of
the wmburned intermediates to that of the original traveling charge
increment.
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STRUCTUKRE AND LINKAGES

A complete summary of the routines and their linkages is given in
Tabdle A.1. The overall macrostructure is uncharnged from that of INOVA as
documented in Reference 4. The following brief comments provide a summary
of the routines which were added to XNOVA to produce XNOVAK, the revisions
which subsequently transformed XNOVAK into INOVAT, and the final smalgam of
INOVAT and BRLTCY to produce XKTC., It should be aoted that we have
previously commented on the fact that XINOVAK was written on a 32-bit word
machine in double precision,” and that users who implement the Code on a 60~
bit machine such as the CYBER 7600 might wish to convert the Code to single
precision. The version of XNOVAK used to develop XKTC was implemented on
the CYBER at BRL as & single precision code. Accordingly, XKTC is a single
precision code and it follows that implementation of XKIC on a 32-bit word
machine should incorporate a conversion to dounble prsocision.

Routines Added in Preparation of INOVAK

INOVAK was developed as an extens on of XNOVA., Accordingly, XNOVA is a
subset of both XNOVAK and NOVA., Moreover, in developing INOVAK it was found
ntcessary to restore certain capabilities which had been removed from NOVA
during the preparation of ZNOVA., Specifically, we restored the invariant
embedding solution for the thermal response of the solid propellant. Thus,
ir addition to the capabilities of XNOVA, XNOVAK and NOVA also share a
transient combustion modeling capability.

The NOVA routines restored to XNOVAK were CMBUST, FBAK, IMBED and ROOT
together with necessary I/0 linkages. The routines were then modified to
support the XNOVAK features of subsurface reactivity and the evaporative
boundary condition. New routines added to support the kinetics option
included CHEMR, CHEMRS, CONLOS, COVC and GAMMOL, The mnew routine FILIBR
implements the analysis of the rear filler elements and was created by
making appropriste editing changes to the pre-existing routine FILLER. One
additional routine, AVN, wes included for the purpose of documenting Code
revisions and printing the version number on each raun.

Routines Added in Preparation of XNOVAT

Several routines were required to produce INOVAT, Subroutine INTRPC
determines the rate of combustion of the reactive layers ascribed to the
tuve wall, the centerline, and the projectile aftexrbody. To support the pew
form functions we have added the routines BLSL, HEX19, aud SLIVER, To¢ trezat
the reactivity and flow resistance of the endwalls of the bundles of pro-
pellant we added the routines CALFLO, CALPRM, FLUX, FLUXIR AND TDBCAL, all
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of which were adapted from the TDNOVA Code.> The routine TDBUF acts as a
link between the existing boundary value solver BCAL and the routine TDBCAL.
In addition we added the routines JOON, SETSUB and RCASE which psrform
varions utility functions.

Structure of NOVATC

XKTC was essentially formed by sgbstitnting INOVAT in place of XNOVQ in
the previocusly developed NOWATC Code. As wo have previously discussed,
NOVATC is an smalgam of XNOVA and BRLTC.4:9

In forming the amalgam care was taken to minimize cross-contamination
of the coding. The approach was to take BELTC and delete all references to
the flow behind the base of the traveling charge while retaining the
storage, data reads and processing pertinent to the regression of the
surface, the traveling charge and the projectile. This stripped down code
was linked to a complete version of XNOVA? in which a minimal number of
linking subroutimne calls were placed. Although a more tightly written code
could have been developed it would have been more difficult to maintain such
& code in a form compatible with future versions of XNOVA and BRLTC. Also,
it is the case that XNOWA apnd BRLTC heve many variables whose Fortzan names
are identical, but whose meanings differ and, conversely, some varjiables
with different names but identical meanings.

It will be noted in Table A.1 that all routines pertinent to the
traveling charge have the prefix TC, A single routine, TCLINE, has the
function of reconciling the storage conventions of the two codes snd of
passing data betwaen them. Processing follows the usual NOVA conventions
with the traveling charge logic activated st & number of places. NOVSIB
calls TCDATA and TCLINK to read and initislize data. INTEG calls TCLINK,
TCOT to print the solutions and T(BR4 to determine the traveling charge
time step constzaini. INTAL calls TCLINE and TCXC, the main integration
executive for the traveling charge. TABLES calls TCLINE. It was also
necessary to restructure slightly the routines BCAL and BDMOV.

Routines Added in Preparation of ZKT(

The approach followed in the development of NOVATC made the replacement
of INOVA by XNOVAT fairly straightforward., It should be moted, however,
that the present effort involved substantisl exercising of the algoritlm and
several revisions were made to the xnalvsis of the boundary values at the
base of the burning traveling charge. dacordingly, the versions of TQLINK
and TCBASE tsed here difrer fiom those in earlier versions of NOVATC,
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Apart from linking the kinetics, tank gun and traveling charge options
in a physically complete fashion, it was necessary to add several new
routines in the development of XKTC. Subroutine GETLS computes the values
of L* for the intemmediate products of combustion of the traveling charge.
ATACH enforces the attachment of a propellant type to the tube or to the
projectile. Subroutine LPBV provides an update of the combustion chamber of
a control charge. It is supported by FORMCR which computes the form
functions, and by the previously developed NOVA routine FRATE which computes
mass transfer rates,

DESCRIPTIN OF INPUT FILES

We preface the detailed description of the input file structure with
some general observations, We note, in particular, the nomenclature for the
definition of the geometry of the propelling charge.

Figure A,1 illustrates & charge configuration which does not make use
of the tank gun optiocn (MODET = 0). We illustrate the base of the pro-
jectile, an arbitrary numbter of filler elements —— some at the recar and some
at the front of the charge — and two types of propellant, the first of
which is in two increments, the latter increment overlapping that of the
second propellant. The figure also illustrates the significance of the
input dates ZGR, XEL, XBL and ZBPR,

Figure A,2 illustrates a charge configuration which does make use of
the tank gun option (MODET = 1). We illustrate the intrusjon of the
projectile afterbody into the combustion chamber, the reactive layers on the
tube wall, the centerline and the projectile afterbody, and three types of
propellant, the first of which is present as two increments. To thke resr of
the afterbody we represent the three types of propellant as being parallel
packaged and we illustrate the significance of the input data RGRI and RGRO.

Figures A,1 and A.2 both assume thai the propellant is of the
conventional type Figure A.3 illustrates a charge configuration in which a
traveling charge 1s present, We note that the traveling charge may consist
of several increments, cach having distinct mechanical and themochemical
properties. The simulation of the trgveling charge may be performed in
conjunction with an arbitrarily configured conventional charge. It is
assumed, however, that when the traveling charge is present there are no
compactible filler materials at the front of the chamber, as in Figure A.l,
and that the projectile does not have an afterbody as in Figure A.2.
Reactive sidewalls may nevertheless be present, as shown in Figure A.3.
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Input to XKTC consists of XNOVAT data followed by a subset of the BRLTC
data base when the traveling charge option is selected in the comtrol data
field of XKTC. Tables A.2, A.3 and A.4 enumerate the "Mandatory”,
Copt'agent and Traveling Charge data files., The files prefixed with an M
tre always mandatory in XNOVAT, Here, File [M13] is optional. We have
retained the file labels of XNOVAT, in spite of this minor inconsistency, to
promote commonality among the various codes.

The enumeration of the M and C files follows that for the NOVA Code.
We have attempted to maximize the compatibility of XKTC, INOVAT, INOVAK,
INQVATC, XNOVA and NOVA data bases. As noted in the introdunction to this
appendix, compatibility is complete with the possible exception of File
[M4]. In XKTC, XNOVAT and XNOVAK, File [M4] always consists of two cerds.
In INQVATC, XNOVA and NOVA it may consist of either ome or two cards.
Existing NOVATC, XNOVA and NOVA data sets for which File [M4] consists of
only one card may ve made compatible with XETC, XNOWAT and XNOVAK by the
insertion of a single blank card after the existing [M4] data card. NOVA
files not supported by XKIC, XNOVAT and XNOVAK are read and subsequently
ienored. The tabulation of data by XKTC only includes those elements which
are supported.

All mandatory files, Table A.2, are common to 2ll codes. BHowever, not
all the members of every file are supported by XKTC, XNOVAT and XNOVAK, The
detailed definition of the input files given in Table A.5 describes all the
¢lements which are supported and simply denotes the others as "Inactive.”
Thos: contingent files, Table A.3, which are supported are defined while the
otherc are denoted as "not supported.” Only those contingant files which
are supported by XKIC appear in the detailed discussion of Table A.5.

The psogrenm iuput files are structured to permit the running of only
one probler at u time. A problem may be restarted from disc, provided
suitable oplions have been selected in a prior run. Each problem may be
terminated acccrding to a criterion of number of integration steps, pro-
jectile displacement or problem time, Termimation occurs a* whichever of
the three criteria is first satisfied,

Jt should be moted that file counters are edited by subroutine NOVSUB
to establish their conformality with internal storage dimensions. However,
other data are not edited, and it is recommended that the program user
perform a first run on a pnew problem with termination set to follow initial
set-up, so that all dats may be validated.
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The following notes (1) - (10) apply whether or not the traveling
charge option is exercised. Subsequent notes (11) - (16) pertain to the
traveling charge option. :

(1) For problems involving only granular propellant, the representations of
the grain distributions are arbitrary. The granular propecllants may doubly
or triply overlap. However, 2 region occupied by stick propellant may not
be shared by any other type unless MODET = 1. IF MODET =1, it is
permissible to have an increment of stick propellant parallel packaged with
another increment of stick or granular propellant. The monolithic charge is
not permitted to share & cross-section of the tube with any other type. If
a given type is specified as bonded to the tube or projectile, the bondi:ug
will be presuased to apply to any other propellant which shares & region with
the given type.

(2) The mode of representation of one type of propellant is imdependent of
the mode of representation of amy other., If tables of volume fractions are
used, it should be recalled that the volume fractiom is the complement of
cthe porosity, being zero when no propellant is pres2zi and increasing to
unity as the pore volume vanishes, The volume iraction defaults to zero
outside the range of pesitions defined by the tables.

(3) An 1nternal ooundary is identified at anmy location in which any volume
fraction is discontinuous. Thus an internal boundary may be established at
a point at which the porosity is comntinuous.

(4) Absolutely no restrictions, other thanm that on note (1), are placed on
the relative positions of .he bags of propellant. Aftcr the data are read,
they are all :converted internally to volume fraction tables., These are ull
then scanned to create a list of internal boundary positions, This list is
then sorted to put them into order and to define the computational regions.

(5) The right-hand boundary is always set equal to XEL(1), If NEL =0,
XEL(1) defaults to ZBPR, Similarly, the left—hand boundary is always set
equal to XBL(1). If NBL = 0, XBL(1l) defaunlts to zesro, It should be noted
that the configuration of the forwarcC elements is specified by reference to
the position of the left-hand or rear boundary of each element. Conversely,
the configuretion of the rear elements is specified by reference to the
position of the right-hand or forwurd boundary of each clement. In boibh
cuses the elements are ordered so that the first is closest to the
propelling charge.

(6) Although filler elements may be inc¢luded if MODET = 1, the coding does

nct consider the influence of the afterbody on the behavior of the filler
clemeants.
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{7) It is emphasized that every case closure element must be accounted for,
including spaces. Any element, other than the first, may be entered as a
space by setting its mass equal to zero.

(8) It is noted that one may use a single element to represent more than
one physical component and that conversely, one may use several elemeats to
characterize a single component.

(9) The present storage allocation in the code imposes certain restrictions
on the modeling of subsurface reactions in the propellant. It is assumed
that only one type of propellant is present if an invariant embedding
solution of the thermal response is desired (KMODE = 2 ia File [M2]). At
most 21 stations are permitted for the analysis of the thermal response, At
most two chemical species can be associated with the subsurface chemistry.
While these limits are thought to be adequate for present nceds, they may
readily be relaxed by means of changes in certain dimension statements.

(10) It will be noted that the data required when KMODE # 0 Files ([C23.1) -
{C23.6]) are to some extent already provided by the data of Files [M7] -
[C7]. The latter data are superseded in such a case and consistency between
the two sets of data is not essential. However, inconsistencies may yield
an apparent energy defect in the summarized interior ballistics table,

(11) Unit 9 is reserved for storage of the traveling charge data if disk
logout is specified.

(12) The code does not support the traveling charge option simultaneously
with the compactible case closure option, It is also assumed that the
projectile has no afterbody if the traveling charge option-is exercised.

(13) The code terminmation data are always specified according to the NOVA
fommat, The projectile data follow the NOWA format only if the travzling
charge option is mot in effect.

(14) Due to the cross-linking of the codes, no more than 98 mesh points and
no more thua 9 increments can be specified for the booster region when the
traveling charge option is in effect.

(15) A composition dependent covolume is not considered, The covolume for
the celeulation is presently based on the bonster charge data according to
the NGVA coavention.

(16) The gun tube is assumed to have a constant area in the region occupied
by the unreacted traveling charge.




TABLE A.1 SUMMARY OF ROUTINES AND LINKAGES

XXTC Purpose: XKTC is 2 dummy main rouﬂne which immediately
transfers control to NOVSUB,

Calls: NOV SUB.
Called by: None.

ATACH Purpose: Subroutine ATACH enforces the attachment of a charge

increment to either the tube or the projectile.
Calls: None,
Called by: INTAL,

AVN Purpose: Subroutine AVN is used to document code revisions

and print the version numbar,
Calls: None.
Called by: NOVSUB,
- “ac

BCAL Purpose : Subroutine BCAL accepts trial boundary values for
the gas- and sclid-phases and adjusts them so as to
satisfy simultancously the physical and character—
istic boundary conditions.

Calls: COVC, EPTOR, GAMMOL, LUMPS, UTHRUT, PRTOC,
PRTOE, TABLES, TDBUF,
Called by: INTAL.

BIMOV Purpose: Subroutine BDMOV updates the position of the region
boundaries. It also updates the projectile
displacement and velocity, making use of FILLEQ
and/or FILLBR when case closure elemonts are present.

Calls: FILIBR, FILLER, RCASE, RESFUN, HHEC.
Called by: INTAL.

BLEDAT Purpose: BLEDAT performs block data initialization.
Calls: None,
Called by: Noze.
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BLSL

BENQUT

CALFLO

CALPRM

GHEMR

Purpose:

Calls:

Cglled by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Subroutine BLSL computes the volume and surface
area for the blind slit form function during the
slivering phase

None.

FRNX.

Subroutine BRNOUT detects the instant when all the
propellant has been conctumed and theu consolidates
811 the computational regions into a single region
with uriform mesh spacing.

FITSP, REG21.

None.

Subroutine CALFLO computes the rate of reaction of
the surface fluxes ussociated with the endwalls of
the charge increments.

None.
TIBUF,

Subroutine CALPRM computes the flow resistance co--
efficient for the endwalls of the charge increments,

None.

TDBUF.

Subroutine CHIMR computes the effects of chemical
reactions on the species mass fractions in the
combustion product mixture and returns the value of
the heat liberated by chemical reaction.

None .
INTAL, LUMPS.




CHEMRS

MBUST

CONL 0S8

oove

DINT

DPDER

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Celled by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Subroutine CHEMRS performs a function similar to hat
of CHEMR; however it addresses the reactions within
the solid propellant,

None.,
IMBED.

Subroutine (MBUST interfaces the invariant embedding
soluotion of the solid propellant thermal response
with the macroscopic two—phase flow.

FBAK, IMBED.
INTEG, NOVSUB.

Subrountine CONLOS computes the rate of transfer of
condensed species from the combustion product mixture
to tne surface of the solid propellant.

None.

HEATP,

Functicn COVC computes the covolume of the combustion
product mixture,

None.

BCAL, FRICT, HEATP, HEATW, INTAL, INTEG, INIRPC,
LUMPS, REG12, REG32, STATES, TCLINK, TDBCAL, TDBUF.

Function DINT performs a truncation of a floating
point variable to its integer part.

None.

TABLES .,

Function DPDER computes the partial derivative
(Bp/ae)p for the covolume equation of state.

None.

LUMPS.
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DFDRE

EPTOR

ERTOP

FBAK

FILIBR

FILLER

Purpose:

Cnl{i:

Called by:

Furpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpoze:

Calls:

Called bz:

Purpose:

Calls:

Cailed by:

Purpose:

Calls:
Called by:

Function DPDRE computes the partiasl derivative
(3p/dp), for ihe covolume equation of state.

None.

LUMPS.

Function EPIOR evaluates the density as a function

of internal emergy and pressure for the covolume
cquation of state.

None.

BCAL, FRICT, HEATP, HEAIW, INIRPC, NOVSUB, TIBCAL.

Function ERTOP evaluates the pressure as a function

of internal energy and density for the covolume
equation of state.

None.

INTAL, LPVB, LUMPS, NOVSUB, REG12, REG32.

Function FBAK computc¢s the temperature gradient

at the surface of the solid propeliant taking into
account heat transfer from the igniter and heat
feedback from the flame.

None.

CMBUST, NOVSUB.

Subroutine FILIBR updates the motion of the rear case
closure elements.

OUTPUT, TABLES,
BDMOV, NOVSUB.

Subrovtine FILLER updates the motion of the forward
case closure elements and the projectile,

OUTPUT, TABLES.
BDMOV, NOVSUB.
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FITSP

FLUX

FLUXDR

FORM

FORMCR

Purpose :

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Celled by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Subroutine FITSP sets values of the state variables,
following re—allocation of the mcsh, by means of a
cubic spline interpolation scheme.

SETSUB.
BRNOUT, MESH, NOVSUB,

Subroutine FLUX computes the state of gas at the
boundaries of the reactive endwalls.

None.,
FLUXDR, TDBCAL.

Subroutine FLUXDR computes the derivatives of the
state variables in a lumped parameter region with
respect to the fluxes to that region from the
contiguous continuwmm regionms.

FLUX.
TIBUF.

Subroutine FORM computes the surface ares and volume
of the propellant graims. It is supported by PERF19
which treats the slivering phase of nineteen
perferation propellant.

BLSL, HEX19, PERF19.
INTEG, NOVSUB.

Subroutine FORMCR computes the form functions for
grains used to define a control charge,

None.
LPVB.

Function Frate computes the rate of mass transfer
thkrough a mozzle subject to the assumption of
isentropic flow.

None.
LPVB.

81




SRICT

GAMMOL

GETLS

HEATP

HEATW

HEX19

Pntgose:

Calls:
Called by:

Purpose:

Ca]{i:
Called by:

Purini:

Calls:
Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:
Called by:

Purpose:

_Calls:
jb}led by :

Subroutine FRICT computes the intarphase drag for
granular propellant,

CovC, EPTOR, VIS,
INTEG,

Subroutine GAMMOL computes the ratio of specific
heats and the molecular weight of the combustion
product mixture,

None,

BCAL, LUMPS, STATES, TCLINK, TDBCAL, TDBUF.

Subroutine GEILS computes L® values for the
intermediate combustion products of the travelimg
charge.

None.
INTAL, INTEG.

Subroutine HEATP determines the interphase heat
transfer, updates the surface temperature of the
solid-phase prior to ignition, and also determines
the interphase drag in stick propellant.

CONLOS, COVC, EPTOR, VIS,
INTEG.

Subroutine HEAIW duiermines the rate of heat transfer
to the tube wall and updates the tube surface
temperature,

CWC, EPTOR, VIS.
INTEG, NOVSUB.

Subroutine HEX19 computes the volume and surface
area of ninmeteenm—perforation hexagonal grains.

SLIVER,
FORM,
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IGNITE Parpose:

Lalls:

Called by:

IMBED Purpose:

Calls:
Called by:

INTAL Purpose:

Calls:

Called by:

INTEG Purpose :

Calls:

Subroutine IGNITE determines the time of ignition
cf the propellant,

None.
INTEG,

Subroutine IMBED iutegrates the thermal profile in
the s0lid propellant by mesns of the method of
invariant embedding.

CHEMRS, ROOT, ROOTR.
CMBUST, NOVSUB,

Subroutine INTAL updates the principal state
varisbles, p, p, u, &, » ¢ et all ijnterior
mesh points. It also d:gemines trial update
boundary valnes together with characteristic
coefficients which are transmitted to BCAL for
imposition of the physical boundury conditions.

ATACH, BCAL, BDMOV, (HEMR, CWC, ERTOP, GETLS,
INTRP1, LPVB, FRTOC, PRTOE, RCASE, RDEDPR, FRHEO.
TQLINK, TCXC. :

INTEG.

Subroutine INTEG is the principel integration
executive, It is cycled twice per time step, once
for the predictor level and once for the corrector
level., Xt establishes the constitutive data by calls
to individuel snbtiroutines and effects the updats of
the principal state variables by a call to INTAL,
INTEG itself updates the surtace regression and
thermal parmmeter H for the solid-phase and, if
EMODE =0 (File [M2] of Table A.4), it slso updates
the molecular weight and ratio of specific heats for
the gas phase.

CMBUST, COVC, FORM, FRICT, GETLS, HEATP, HEATW,
IGNITE, INTAL, INTRPC, INTP1, INTRF2, ;CON, MESH,
OUTPUT, PRTOC, REGRES, STA«2S, TABLES, T(BR4, T(LINK,
TCUT, TERMIN, VOIDS, WALTEK.

NOVSOB.
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INTRPC

INTRP1

INIRP2

JCON

LPDATA

LPVB

Purpose:

Calls:

Called by:

Purpose:

fhlls:

Called by:

Purpose:

Calls:

Called by:

Porpose:

Calls:

Cal[sd by:

Purpose :

Calls:

Called by :

Purpo se :

Called by:

Subroutine INTIRPC computes the local mass additica
dne to combustion of the reactive sidewalls.

COVC, EPTOR, JCON, RCASE, VIS.
INTEG, NOVSUB.

Subroutine INTRP1 determines the cross-sectional area
of the tube at each mesh point, ipcluding an
allowance for the unburned portion of the primer,

J OON.,
INTAL, INTEG, NOVSUB, REG12, REG21, REG32, TABLES.

Subroutine INTRP2 computes the rate of discharge of
the igniter at each mesh point.

None.

INTEG, NOVSUB, REG12, REG32.

Function JCON locates the nearest continuum mesh
point,

None,

INTEG, INTRPC, INTEP1, LUMPS.

Subroutine LPDATA converts the XNOVA data base
into an equivalent data base for & lumped parameter
interior ballistic model.

None.

NOVSUB.

Subroutine LPVB updates the state of the control
charge combustion chamber and prepares data to permit
the mass transfer to the chember of the gun to be
represented as & source term.

ERTOP, FORMCR, FRATE.
INTAL, NOVESUB.
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LUMPS

MESH

NOVSUB

OUTPUT

Purpose:

Calls:

Called by:

Purpose:

Calls:

Cal}edrby:

Purpose:

Calls:

Cnlﬁl ed by:

Purpose:

7Calls:

Called by

Subroutine LUMPS provides a trial update of the state
of all lumped parameter regions, It slso computes
derivatives of the state variables with respect to
the mass fluxes to the lumped parameter region.

These are used by BCAL to enforce the physical
boundary conditions.

(HEMR, COVC, DPDER, DPDRE, ERTOP, GAMMOL, JCON,
RCASE,

BCAL, TIBUF.

Subroutine MESH determines the level of modeling of
each region ard assigns mesh points to the continuum
regions on the basis of their relative sizes.

FITSP, OUTPUT, RBEG12, REG21, REG32, STATES.
INTEG, NOVSUB.

Subroutine NOVSUB reads and prints the input data
used to define the problem, NOVSIB also performs all
the initialization of variables which is not accom
plished through BLEDAT. Some of the initialization
is performed by executing a call to certain
subroutines with an appropriately set switch,
Following initialization, NOVSUB transfers program
control to INTEG.

AVN, CMBUST, EPTOR, ERTOP, FBAK, FILLBR, FILLER,
FITSP, FORM, HEATW, IMBED, INTEG, INTRPC, INTRP1,
INTRP2, LPDATA, LPVB, MESH, SETSUB, TABLES, TCDATA,
TCINIT, TQLINK,

XXTC.

Subroutine QUTPUT is responsible for logout of the
solution to the printer and/or direct access device
unit 8.

TABLES,
BCAL, FILLBR, FILLER, INTEG, MESH,




PERF19

PRTOC

PRTOE

RCASE

RDEDPR

REGRES

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Eurpoae:

Calls:

Called by:

Purpose:

Calls:

Called by :

Subroutine PERF19 computes the surface ares and

covolume of nineteen-perforation propellant during
the slivering phase,

None.

FORM.

Function PRTOC computes the square of the speed of
sound according to the covolume equation of state,

None.

BCAL, INTAL, INTEG, TDBUF.

Function PRTOE computes the internal energy from the
pressure and density according to the covolume
equation of state,

None.
BCAL, INTAL, STATES, TQLINK, TDBCAL, TDBUF.

Subroutine RCASE determines the density of the case
as & function of pressure.

None,
BDMOV, INTAL, INTRPC, LUMPS.

Function RDEDPR computes the quantity p(3e¢/dp)

according to the covolume equation of state. P
None.

INTAL.

Subroutine REGRES computes the rate of regression of
the surface of the propellant.

None.
INTEG.
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REG12

REG21

REG32

RESFUN

FHEO

ROOT

Purpo se:

Calls:

Called by:

Purpose:

Calls:

Called g:

Purpose:

Cails:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Cailed by:

Purpose:

Calls:

Called by:

Subroutine REG12 transforms data for a region of
continuum nllage into dats for a2 region of lumped
parameter ullage.

COVC, ERTOP, INTRP1l, INTRP2.
MESH,

Subroutine RBEG21 transforms datas for a region of
lumped parameter ullage into data for a region of
continuum ullage.

INTRP]1,
BRNOUT, MESH.

Subroutine REG32 sets initial dats for a lumped
parameter region of ullage which is newly opened,

COVC, ERTOP, INTRP1, INTRF2.
MESH,

Function RESFUN computes the resistance to projectile
motion due to interference of the rotating band with
the gun tube.

None,

BDMOV.

Subroutine RHEO computes the rate of propagation of
intergranular disturbances.

None.
BDMOV, INTAL.

Subroutine ROOT selects a new value for the solutiom
of an arbitrary equation by the method of regula
falsi.

None.

IMBED,
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ROOTR

SETSUB

SLIVER

STATES

TABLES

Purpose:

Calls:
Called by:

Purpose :

Calls:
Called by:

Purpose:

Calls:
Called by:

Purpose:

Calls:

Called bz:

Purpose:

Calls:
Called by:

Subroutine ROOIR is similar to ROCT, but contaimns
additional logic for the situation in which the
slope of the test function vanishes,

None.

IMBED.

Subroutine SETSUB sets the reactivity and perme-
ability pointers.

None.
FITSP, NOVSUB,

Subroutine SLIVER computes tie volume and vurface
area of nineteen-perforation hexagonal  rains during
the slivering phase.

None,

HEX19.

Subroutine STATES computes certain of the depeudent
state variables from the principal storage arrays for
the gas—phase.

CWC, GAMMOL, PRTOE.
INTEG, MESH, TERMIN.

Subroutine TABLES compiles the summary data which
describe the comventional interior ballistic
quantities such as histories of breech and base
pressure and of the projectile trajectory.

DINT, INTRP1, TQLINK.
BCAL, FILLBR, FILLER, INTEG, NOVSUB, QUTIPUT,
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TCARAC

TGBASE

TGMDC

TCBFR

T(BR1

Purpose:

Calls:
Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:
Called by:

Purpose:

Calls:
Called by:

Purpose:

Calls:
Called by:

Subroutine TCARAC defines characteristic
deta in conjunction with the determination of
boundary values for the traveling charge
when modeled as a continuum,

TCBR2, TCDSDR.
TGBASE, TBPR, TCONTC.

Subroutine TCBASE determines the regression
rate of the traveling charge and provides
trial boundary values for the unreacted side.

TCARAC, TCBURN, TCDSDR, TCIG, TQLINK, TCPROP,
TCRESP, TCRNOM.

TCXC.

Subroutine T(BMDC computes mechanical
properties of the traveling charge when its
theology is specified in tabular format.

ISCICU (An IMSL routine).
TCDATA, TCDSDR, TCRNOM, TCSNOW,

Subroutine T(BPR updates the boundary values
of the wraveling charge at the base of the
projectile.

TCARAC, TCDSDR, TCRNOM,
TCXC.

Subroutine T(BRI initializes the computational
arrays associated with the traveling charge.

TRFIT, TCRNOM.
TCINIT.
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TR

TCBR3

TBR4

TCGBURN

TCDATA

TCDSDR

Purpose:

Calls:

Called by:

Purpose :

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Subroutine T(BR2 moves the traveling charge
computational arrays into working arrays. This
routine perfoms a trivial function in the
present code but it is retained in order to
maintain structural! commonality with BRLTC where
its function is nmon—irivial,

None.
TCARAC, T(RR3, T(BR4, TCWT.

Subroutine TCBR3 updates the state variables for
the traveling charge at 2ll internal mesh points.

T(BR, TCDSDR, TOWFR.
TCXC.

Subroutine TCBR4 detcimines the CFL time step
restriction for the traveling charge.

TGBR2, TCDSDR, TQLINK.
INTEG,

Subroutine TCBURN calculates the regression rate
of the traveling charge when specified as an
empirical function of pressure (on the reacted
side) or stress (on the unreacted side).

TCDVDI,
TCBASE,

Subrontine TCDATA reads and prints the input data
associated with the traveling charge.

TBMDC, TCINIT.
NOVSUB.

0

Fonction TCDSDR calculate. *he spesl of sound in
the traveling charge. ’

TCBMDC, TCSNOM.
TCARAC, T(BASE, TBPR, T(BR3, T(BR4, TCINTC.
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TCDVDI Purpose: Subroutine TCDVDI performs interpolation by the
method of divided differences,

Calls: None.
Called by: TOCBURN,

TOGETK Purpose: Subroutine TOGETK updates the ordimary
differential equations associated with the
traveling charge,

Calls: TCRESP,
Called by: TCXC,

TCIG Purpose: Subroutine TCIG determines the time at which
ignition occurs for the traveling charge.
Calls: None.

Called by: TCBASE,

TCINIT Pur pose: Subroutine TCINIT perfomms the initialization of
constants and pointers for the traveling charge.
Calls: TCBR1, TCRFIT, TCVUPD.

Called by: NOVSUB, TCDATA.

TAQINK Purpose: Subrountine TCLINK transfers data between the NOVA
routines and the BELTC routines.
Calls: COVC, GAMMOL, FPRTOE, TCPROP.
Called by: INTAL, INTEG, NOVSUB, TABLES, TCBASE, TCBR4,
TCOUT, TCXC.
TOONTC Purpose: Subroutine TCONTC updates the boundary values for

the traveling charge at the interfaces between
increments,

Calls: TCARAC, TCDSDR, TCRNOM.
Called by- TCXC,
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TOOUT

TCPROP

TCRESP

TCRFIT

TCRNOM

TCSQK

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpose:

Calis:

Called by:

Purpose:

Calls:

Called by:

Purpose :

Called by:

Subroutine TOOUT performs the logout of the
traveling charge state variables.

TBR2, TQ.INK.
INTEG.

Subroutine TCPROP moves the traveling charge
property data from vector into scalar storage.

None.
TGBASE, TCLINK.

Subroutine TCRESP computes the resistance on
the projectile when the traveling charge option
is in effect.

Noune,
T(BASE, TGGETK.

Subroutine T(RFIT perfomms the mesh allocation
for the traveling charge and the interpolation of
data associated with revisions to the number of
points,

None.
TEBR1, TCINIT, TCXC,

Function TCRNOM computes the density of the
traveling charge as a function of pressure on the
nominal loading curve.

TBMDC,
TGBASE, TGBPR, T@BR1, TCONTC.

Subroutiae TCSCHE enforces the requirement that
the pressure in the traveling charge not exceed
the nominal loading value for the current value
of density.

TCSNOM,
TCXC,
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TCSNOM

TCVCAK

TCVUPD

TCWFR

TCXC

TCUPD

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Purpo se:

Calls:
Called by:

Purpose:

Calls:
Called by:

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called by:

Function TCSNOM computes the pressure in the
traveling charge as a function of demsity onm
the nominal loading curve.

TCBMDC.

TCDSDR, TCSUIK.

Subroutine TCVCHE checks thai the velocity in
the traveling charge has not been reversed as a
consequence of the frioction term.

None.
TCXC.

Subroutine TCVUPD updates tke continuum boundary
velocities for the traveling charge.

None.

TCINIT, TCXC.

Subroutine TCWFR computes the friction between
the traveling charge and the tube wall.

None.
TCBR3.

Subroutine TCXC is the integration executive for
the traveling charge state variables.

TCBASE, TBPR, T(BR3, TOGEIK, TQ INK, TOONTC,
TCRFIT, TCSQIK, TCVCHEK, TCVUFD, TCZUPD.
INTAL.

Subroutine TCZUPD updates the positions of the
continuum boundaries associated with the
traveling charge.

None .
TCXC.
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TDB CAL

TDBUF

TERMIN

VIS

vo1Ds

VALTEM

Purpose:

Calls:

Called by:

Purpose:

Qalls:

Called by:

Purpose:

Calls:

Called by :

Purpose:

Calls:

Called by:

Purpose:

Calls:

Called 92:

Purpose:

Ca}ls:

Called by:

—

Subroutine TDBCAL uses the physical boundary
conditions and the characteristic foms to determine
the boundary values at each time step.

COvVC, EPTOR, FLUX, GAMMOL, PRTCE,
TDBUF.

Subroutine TDBUF acts as an interface fram the NOVA
storage conventions to those of the solver TDBCAL,

CALFLO, CALPRM, OOVC, FLUXDR, GAMMOL, LUMPS, PFRTOC,
PRTOE, TDBCAL,

BCAL.

Subroutine TERMIN tests for the termination of the
calculation,

STATES.
INTEG.

Function VIS computes the viscosity of the gas—phase
as a function of temperature.

None.
FRICT, HEATP, HEATVW, INTRPC.

Subroutine VOIDS updates the volume fractions of each
of the constituent solid-phase species from the
history of the porosity.

None .
INTEG.

Subroutine WALTEM updates the thermal equation for
the tube wall temperature determined according to a
cubic profile approximation.

None.
INTEG,
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TABLE A.2

SUMMARY OF XKTC *MANDATORY" INPUT FILES

FILE NOMBER

M1
M2
M3
M4
M5

M6
M7
M8
M9

M10
M11
M12
*M13

FILE NAME

Problem Nasme

Control Data

Integretion Parameters

File Counters

Properties of Ambient Gas

General Propertiies of Propellant Bed
Ith Propellant Type., Location and Mass
Ith Propellant Form Function Data

Ith Propellart Rheology

Ith Propelle=nt Solid-Phase Themochemistry
Ith Propellant Gas-FPhase Thermochemistry
Tube Geometry

Projectile and Rifling Characteristics

— — ey e g e

* File M13 is not mandstory in XKTC. It is required only if the

traveling charge option is not exercised.
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TABLE A.3 SUMMARY OF XKTC CONTINGENT INFUT FILES

FILE NOMBER

C1
c2
Cc3
4

C5

cs.1
C5.2
Cc6
Cc7
c8

C10
Ci1
C12
C13
Cl4
C1s
C1eé
C17
C18
C19
C19.1
Cl1%9.2
€20
C21
C22

FILE NAME

Logout Counters
Erosive Burn Rate Parameters
Not Supported.

Position and Mass of Additional Bags of
Ith Propellant

Distribution of Volume Fraction of
Ith Propellant

Ith Propellant Port Diameter File Counter
Ith Propellant Port Diameter

Not Supported.

Ith Propellant D-terred l.ayer Properties
Igniter Themochemistry

Igniter Discharge Times

Igniter Discharge Positions

Igniter Rate of Discharge

Bore Resistancs

Tube Thermal Properties

Tube Initial Temperature Profile

Not Supported,

Not Supported.

Not Supported.

Ith Forward Compactible Filler Element Proporties
Constitutive Data for Ith Forward Element
Ith Rear Compactible Filler Element Properties
Constitutive Data for Ith Rear Element
Not Supposted.

Not Supported.

Not Supported.
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TABLE A.3 continued

FILE NOMB*R

C23
C23.01
C23.1
C23.2
€23.3

C23 .4
€23.5
C23.6
C23.61

C23.62
€23 .63
c23.7

€23.71

C23.8
C23.9
C24

C25
"S54
25.2
€25.3
C:5.31
C25.4
C25.5
C25.6

FILE NAME

Positions for Pressure Table Storage
Projectile Afterbody Pressure History Option
Kinetics Option Counters

Properties of Species

Composition of Propellant Near Field Combustion
Products

Composition of Igniter Discharge Combustion Products
Composition of Initial Ambient Gas
Initial Composition of Solid Propellant

Composition of Traveling Charge Near Field
Combustion Products

Types of Reactions in Mixture of Combustion Products
Species Thermal Equilibration Switches

Description of Arrhenius Reactions in Mixture of
Combustion Productis

Description of Pressure-Dependent Reactions in
Mixture of Combustion Products

Description of Reactions in Soiid Propellant
Solid Propeliant Thermal Response Parameters

Parameters to Define Mesh in Invariant Embedding
Analysis

Tank Gun Option Control Data

Geometry of Projectile Afterbody

Thickness and Density Counters for Reactive Layer I
Thickness of Reactive Layer I

Segment Pointers for Reactive Layer I

Density of Reactive Layer I

Counter to Describe Discharge of Reactive Layer I

Positions to Describe Discharge of Reactive Layer I
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TABLE A.3 continuned

FILE NJMBER

€25.,7
C25.8
C25.9
C26
C26.1
C25.2
C26.21

C26.3
C26.4
C26.5
C2.6
C26.7
C26.71

C26.8
C26.9
C27
c28

C28.1

C28.2
C28.3
C28 .4
C28.5
€28.6
C28.7

FILE NAME

Times to Describe Discharge of Reactive Layer 1
Rate of Discharge of Reactive Layer I

Burn Rate Counters for Reactive Layer I

Burn Rate Data for Reective Layer I

Ignition Data for Reactive Layer I
Themochemical Data for Reactive Layer I

Composition of Reactive Layer Near Field Combustion
Products

Propertiecs of Deterred Layer of Reactive Layer 1
Endwall Property Pointers

Peimeability Model Data

File Counters for I-th Reactivity Model
Thermochemical Data for I-th Reactivity Model

Composition of Near Field Combustion Products of
I-th Reactivity Model

Ignition Value for I-th Reactivity Model
Burn Rate Data for I-th Reactivity Model
Tabular Description of I-th Reactivity Model

Internal Properties of Control Charge Combustion
Chamber

External Properties of Control Charge Combustion
Chamber

Control Charge Type

Control Charge Fomm Fuaction

Control Charge Burn Rate Counter
Control Charge Burn Rate Description
Control Charge Thermochemistry
Properties of Deterred Layer
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TABLE A.4 SUMMARY OF XXTC TRAVELING CHARGE INPUT FILES

File Nuaber

TC1
TC2
TC3
TC4
TCS
TC6
TC?
TC8
TC9
TC10
TC11
TC12
TC13
TC14
TC15
TC16
TC17

File Name

Traveling Charge Control Data

Mesh Peremeters

General Properties

Propellant Themochemical Properties
Burn Rate Switches

Tebular Burn Rate Data

Tabuler Burn Rate Data (cont’d)
Exponsntiul Burn Rate Data
Propellant Analyticel Rheology Data
Propellant Tabular Rheology Data
Propellant Tabular Rheology Data (cont'd)
Ablative Film Dats

Propellant Friction Data

Tabular Bore Resistance Data

Barrel Shock Resistance Data
Obturator Setback Resistance Data
Obturator Friction Dats
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TABLE A.S

DESCRIPTION OF INFUT FILES

File [M1] "Problem Name” (15M) One Card

TITLE Problem name, May be up to 60 alphanwmmeric characters.

File [M2) *Control Data® ({7L1,33I1) One Card

NPRINT 1 if print om logout, O otherwise.

NGRAPH Inactive.

NDISK 1 if disc write on logout, 0 otherwise.

DSKRD 1 if disc start, O otherwise.

IBTABL 1 if summarized interior ballistic data are required,
0 otherwise.

NFLAM 1 if summary of ignition delay data xequired,
0 otherwise.

NPTASL 1 if summarized pressure, presture difference data are
required,
0 otharwise,

NEROS 1 if erosive effect to be included in propellant combustion,
0 othervise, If NEROS = 1, File [C2] is required.

NDIN Inmactive,

NATW 0 if wall temperature is not updsted.
1 if cubic profile update is used.

NBC(1) Inactive,

NBC(2) Inactive,

NRES(1) Inactive,

NRES (2) Inactive.

LDBED 0 if propellant beds initizlly uncompacted,

1 otherwise, See comment in File [M9].
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JHTV

LYER

IBRES

INBIB(1)

INHIB(2)
INBIB(3)
NXCW
NBLDWN

NSWSOL

KMODE

0 if heat loss to tube is neglected.

1 if heat loss is calculated by empirical correlation for
fully developed turbulent flow. File [C13] is reguired.

Inactive.

1 if linear interpolation of tabular data from File [C1l2] is
used to define bore resistance. No velocity dependence is
considered.

2 if the interpolated value is multiplied by 7.2V "¢, where
V is the projectile velocity (ft/sec), provided V 2 27 fps.

3 if the interpolated value is multiplied by

(1 + 0.0004414V) /(1 + 0,005046V) where V is the projectile
velocity (in/sec).

If any other value is used, IBRES will default to the value 2,

0 if traveling charge option not required.

1 if traveling charge option is in effect.

V¥hen NTC = 1, NONIN and NUONGOT (File [M3]) must not be entered
as nine (default values are eight); NEL (File [M4]) must be
entered as zeros NDIM (File [M3]) must not exceed ninety-eight
for a granular booster or forty-mine for a stick booster.
Files [TC1] through [TC17] are required.

0 if propellant type 1 does not have a deterred layer.
1 if propellant type 1 does have a deterred layer.
File [C7] is required in this case.

As per INHIB(1), but for second propellant type.
As per INHIB(1), but for third propellant type.
Inactive,

Inactive.

0 if non-conservative fom of solid-phase continuity equation
is to be used.

1 if conservative fom is to be used. It is recommendsd that
this option be selected only if excessive mass defects result
from the use of the non—conservative form.

0 if kinetics option not desired,

1 if gas—phase is to be treated as a reacting, homogeneous
mixture., See Files [C23.1) thrcugh [C23.9].

2 if, in addition to treatment of gas—phase as a mixture,
subsurface reactivity and/or finite difference solation of
solid-phase thermal response is desired. See Files [C23.1]
through [C23.9].
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MODET Q if tank gun option not desired.

1 if tank gun option is desired. See Files [C25.1] through
[C27].

NECHO 0 if interpretation of input and nomal run desired.
1 if input data not interpreted but normal run desired.
2 if interpretation of input data with no subgequent run
desired,

Note: Independently of the value of NECHO, the Code prints an image of the
card input file.

File [M3] "Integration Parameters” (615,F10.0/8F10.0) Two Cards

NDIM Number of grid points to be used in calculation. In general,
NDIM must not exceed 99. If perforsted stick propellant is
present, NDIM must not exceed 49.

NSTEP Number of integration steps before logout. (Each step
consists of a prevdictor followed by a corrector.) If
NSTEP = 0, logout follows every predictor as well as every
corrector. If NSTEP < 0, File [C1) is required with |NSTEP}
pairs of data, NSTEP 2 -10.

NDIST Step number for disc start.

NsTOP* Number of steps for termination.

NUONIN Unit number for disc read. If NUNIN = 0, it is defaul ted
to 8.

NONQUT Unit number for disc logout. If NUNOGUT = 0, it is defaul ted
to 8.

DTPRT Time interval before logout (sec). If entered as zero, it is

defaul ted to 10%°,

TSTOP® Time for termination (sec).

ZSTopP* Projectile travel for tewmination (inm).

TINT Maximum time step (sec).

SAFE Stability safety factor. Recommended value is 1.1 although
larger values may sometimes be required.

RIT Stability safety factor for source texms., Recommended value

is 0.05.
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RZOLV Spatial resolution factor. Recommended range of values is
0.01 £ RZOLV £ 0.05. If RZOLV is entered as zero, it will
Jefault internally to 1/(NDIM - 1),

TABLIB** Time interval for storage of summarized interior ballistic

data,

TABLP** Time interval for pressuro table storage.

* Termipnation occurs at whichever of NSTOP, TSTOP or ZSTOP is first
satisfied,

. Table sizes are dimensioned to 100, When overflow is imminent, tables
are condensed by deleting every second datum. Subsequontly, storage
time is doubled.

File [C1] "Logout Counters” (16I5) Ope or Two Cards

N.B. File required if and only if NSTEP < 0. (See File [M3].)

NDTEP(1) Maximum value of integration step number for which
MSTEP(1) is to be used.

MSTEP(1) Number of integration steps (predictor plus corrector
count as one unit) between logout cycles.

.

NDTEP(|NSTEP|)®* Mazimum value of integration step number for which
MSTEP (INSTEP|) is to be used.

MSTEP( INSTEP| ) Corresponding value of number of steps between logout
cycles.

If NDTEP(INSTEP!) is exceeded during the calculation, the value
MSTEP( INSTEP|) will be used as a default quantity.
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File [M4]

*File Counters” (1615) Two Cards

NSTA

JJ

II

NBRES

NTEM

NPROP

NBRDS

NEPS (1)

NEPS(2)
NEPS( 3)

NZPT

NMS(1)

Number of entries in tube geometry table. 2 < NSTA £ 10.

Number of times at which primer discharge is specified.
0 £ 31 £ 40,

If II and JJ 2 2, Files [C8] - [Cll] are required,

Number of positions at which primer discharge is specified.
0 £ 11 £ 40, -

Number of entries in bore resistance table,
0 £ NeRES < 20,
If NBRES 2 2, File [C12] is required.

Number of entries in tube initial temperature profile.
If NTEM = 0, tube temperature defaults to TEMST (see
File [MS5]). 1If NIEM £ 0, File [C14] is required.

0 < NTEM £ 10,

Number of elements to characterize compactible filler
between bed and projectile. If NEL = 0, projectile base
is taken as right-hand boundary for computational domain.
If NEL # 0, File [C18] is required. 0 £ NEL £ 10.

Number of types of propellant grains. 1 < NPROP & 3.

Number of burn rate data sets to describe pressure
dependence of exponent and pre—exponential factors.

See File [M10]. Note that the same value is assumed for
all propellant species, if more than onc are defined.

Number of entries in initial distribation of volume
fraction of propellant type 1. If NEPS = 0, porosity is
calculated fron mass and position data given in File [M7].
If NEPS # 0, File [C5] is required. Propellant types may
be entered in either mode, independently of the
representation of other types. 0 S NEPS(1) ¢ 10,

Number of entries for type 2.

Number of entries for type 3.

Number of entries in table of positions for summarized
pressure data., If NZPT £ O, File [C23] is required.

0 { NZPT ¢ 8.

Inactive,
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NMS(2) Inactive,

NW IB Inactive,

MORE(1) Number of additional bags of propellant of type 1.
1f MORE(1) > 0, File [C4] is reguired. 0 £ MORE(1) £ 9.

MORE(2) Number of additional bags of propellant of type 2. Only
required if NPROP 2 2, Starts a new card.

MORE( 3) Nomber of additional bags of propellant of type 3. Only
required if NPROP = 3,

NBL Number of elements to characterize compactible filler
between bed and breech. If NBL # 0, File [C19.1) is
required. 0 < NBL £ 10,

File [M5] "Propecties of Ambient Gas” (8F10.0) One Card

TEMST Initial temperature (R).

PST Initial pressure (psi).

GMST Molecular weight (1bm/1lbmol).

GAMST Ratio of specific heats (-),

File [M6] "General Properties of Propellant Bed” (8F10.,0) One Card

TPO Initiel temperature (R).

File [C2] "Erosive Burn Rate Parameters® (8F10.0) C(1e Cazd

N.B. File required if and only if NEROS = 1. (See File [M2].)

CEROS

BEROS

Erosive burning pre—exporential factor (in* °R/1bf).

Erosive burning exponential factor (-).
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Note: The subsequent files ["7]- [C4]' [CS]I [Hs]n [H9]l [ulO]v [cslo
[M11] and [C7] are repeated, as a group for each of the NPROP (see
{File [M4]) types of propellant which constitute the solid-phase,

File [M7; *Ith Propellant Type, Location and Mass”
(5M ,6F10.0) One Card

GRNAM(I) Name of propellant. Up to 20 alphanumeric characters.

ZG6R(1,1) Lef {-hand boundary of first bag of propellant of
type I (in).

ZGR(2,I) Right-hand boundary of first bag of propellant of
type I (in).

WIGRA(1, 1) Mass of first bag of propellant of type I (1bm).
A negative value of WIGRA may be entered. In such s case,
the absolute value is used to define the mass. The
negative sign is used to set an internal switch which
causes the computation of initial porosity to reflect the
assumption that the propellant is packaged as 2 cylinder
rather than filling uniformly each cross-section of the

tube.
RHOP(I) Density of propellant type I (1bm/in’).
RGRI(1, 1) Inner radius of rear of bag (in)., Only required if

MODET = 1. (See File [M4).) If RGRI(1,I) is input as zero
it is assumed to coincide with the inner radius of the
available flow cross-section.

RGRO(1,1) Outer radius of crear of bag (in). Only required if
MODET = 1. (See File [M4].) If RGRO(1,I) is input as zero
it is assumed to coincide with the outer radius of the
available flow cross—section.
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File (C4] *Position and Mass of Additional Bags of Ith Propellant”
(8F10.0) MORE(I) Cards

N.B. File required if and only if MORE(I) = 0, (See File [M4].)

ZGR(3,1) Lef t-hand boundary of second bag of propellant of
type I (in).

ZGR(4,1) Right-hand boundary of second bag of propellanmt of
type I (in).

WIGRA(2,I) Mass of second bag of type I (1lbm).

RGRI(2,1) Inner radius of second bag (in).

RGRO(2,1) Outer radius of second bag (in).

Z6R(5,1)* Left—-hand boundary of third bag.

ZGR(2*MORE(I)+2,I) Right-hand boundary of bag MORE(I)+1 (last bag).
WIGRA(MORE(I)+1) Mass of last bag.
RGRI(MORE(I)+1) Inner radius of last bag (in).

RGRO(MORE(I)+ 1) Outer radius of last bag (in),

* Begir new card for each bag.

File [CS] *Distribution of Volume Fraction of Ith Propellant”
(8F10,0) One to Three Cards

N.B. File required if and only if NEPS(I) = 0. (See File [M4].)
ZEPS(1,1) First position relative to breech (inm).
EPSO0(1.1) Corresponding volume fraction of propellant type I.

ZEPS(NEPS(I),I) Last position.

EPSO(NEPS(1),I) Corresponding volume fraction.

107




File [M8]

*Ith Propellant Fom Function Data" (15,5F10.0, I5,F10.0)
One Card

NFORM(I)

OoD(1)
DPERF(I)
GLEN(I)

NPERF (1)

SLW(I)

NFIX(I)

BONDX(I)

Form function indicator. 1 £ INFORM(I)| £ 16. NFORM may
be entered as a negative number. In such a case, the
absoiute value is used to determine the fom functiom, bdbut
the grainsg are take.a .» be stacked. This option allows
granular propellant <0 respond as though it had the flow
resistance of stick propellant.

Grain dimension (in). (Sees table below.)
Grain dimension (in). (See table below.)

Grain length (inm).

Number of perforations (-) except for NFORM = 14 in which
case NPERF is the number of slots.

Grain dimension (in). (See table below,)

If 0, grains are assumed to be free to move.
s1 I, grains are assumed to be attached to the tube.
If 2, grains are assumed to be attached to the projectile.

Strength of bond to tube or projectile (1bf). IXf BONDX(I)
is entered as zero, it is taken to be infinite. Separation
from tube or projectile occurs when absolute value of force
required to maintain attachment exceeds BONDX(I).
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FORN FUNCTION PARAMETERS

NFORN GRAIN TYPE oD DPERF SLW
Sphere Dismeoter (in) - -
Cylinder Dismeter (in) - -
Stick® Diameter (in) Pexforation -
Dismmeter (in)

4 Strip® Vidth (im) Thickness (in) -

Monoperforated Dimmeter {(in) Perforation -
Dismeter (in)

6 Nonoperforated with Diameter (in) Perforation -
outside inhibition Diameter (in)

7 Seven Perforations Dismeter (in) Perforation -
Dismeter (in)

9 Nineteen Perforations Diameter (in) Poerforation -
Dismeter (in)

10 Hexagonal Seven- . Distance between Perforation -
Porforation Stick flats (in) Diameter (in)

11 Slotted stick® Dismeter {in) Perforation Slot
(single-voidage) Diameter (in) Width(in)

12 Scroll® ¥idth (in) Thickness (in) -
(single-voidage)

13 Scroll® Width (in) Thickness (in)  Externmal
(dual-voidage) Dismeter of

Scroll (in)

14 Blind slit Diameter (in) Diameter of -

slotted core (in)

15 Hexagonal Ninsteen-— Dismeter (in)** Perforation -
Perforation Dismeter (in)

16 Monolithic Grain . Port dismeter Port digmeter -
with central port®®® at rear (in) at front (in)

]

may be entered arbitrarily.

Projectile afterbody may iutrude into port,
defanlt to 1 and O respectively.

**  Grain. sssumed to have rounded corners.
corners.
(2 13
port.
BONDX (1)
DPERF (1)

2 fonotion of position,

ot

End burning is neglected for these fomms. Hence GLEN (File [M8))
Dismeter is between opposite

Burning is assumed to take place only on the surfaces of the internmal
NFIX(I) and

If OD(I) = 0, or

= 0, then Files [C5.1], [C5.2] are required to define the

dismetsr of the gport




File [C5.1] *Ith Propellant Port Dismeter File Counter” (I5) One Card

N.B. File required if and only if NFORM (I) = 16 and either OD(I) = G or
DPERF(I) = 0., (See Kile [M8].)

MNOP(I) Number of entries in file to define diameter of port of
monolithic grain. 2 < MNOP(I) £ 8.

File [CS.2] *Ith Propellant Port Diameter® (8F10.0) One to Two Cards

N.B, File required if and only if NFORM(I) = 16 and either OD(I) = 0 or
DPERF(1) = 0., (See File [M8].)

IMNO(1,I) First axial position relative to rear surface of
grain (in).

DMNO(1,I) Correspondin, dismeter of port (im).

ZMNO(MNOP(I},I) Last axial posit.on.

DMNO(MNOP(I),I) Corresponding diameter.

File [M9] "Ith Propellant Rheology® (8F10.0) One Card

GAP(I1) Rate of propagation of intergranular stress in
settled, loading granular bed of type I (in/sec). If
propellant I consists of stick then GAP(I) is ind~rendent
of the settling porosity.

GEPO(I) Porosity of settled bed for type I propellant. If
LDBED = 0 (seec File [M2]) and the porosity of the bed is
less than GEPO(I) at any point where type I is present,
GEPO(I) is automatically defaulted to the smallest value of
porosity which occurs in the initial distribution. This
property may be used to avoid calculating GEPO(I),
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GCAP(I) Rate of propagation of intergranular itreu during
unloading and reloading of propellant type I (in/sec).
Not required for stick propellant.

PRPYLD Inactive.

ANU(I) Poisson ratio of propellant (-), MNust be specified for
stick propellant, ANU(I) defaults to 0.5 intermally if
propellant I is grannlar or if ANU(I) is entered as zero.

File [M10] "Ith Propellant Solid-Phase Themochemistry® (8F10.0)
One to Three Cards

ODPPR(1,1) Maximum value of p-essure for corresponding values of burn
rate pre-exponential and exponmential factors {(psi).

B22(1,1) Burning rate pre—exponentinl factor (in/sec—ps‘D),
BNN(1,I) Burning rate exponent (-).

UPPR(PBRDS,I)' Maximum value for least set of burnm rate Jdata.

B22(NBRDS, I) Corresponding pre—exponential factor.
BNN(NBRDS, 1) Correspondin3 exponent.

B1(I) Burning rate additive constant (in/sec .
TEMPIG(I) Ignition temperature (R).

KP(I) Thermal conductivity (1bf/sec/R).

ALPHAP (1) Thermal diffusivity (in*/sec).

ALPHA (1) Emissivity factor (-).

If pressure exceeds UPPR(NBRDS,I), the corresponding values of
pre—exponential and exponential factors are used as default values.
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File ([M11]

*Ith Propeliant Gas-Phase Themxochemistry” (8F10.0)

One Card
ECHEM(I) Internal energy released in combustion (1bf-in/lbm).
GMW (1) Molecular weight (l1bm/lbmol),
GAMMA (1) Ratio of specific heat (-).
BV(I) Covolume (in’/1lbm),
File [C7] "Ith Propellant Deterred Layer Properties” (8F10.0)

One Card

N.B. File required if and only if INLIB(I) # 0. (See File [M2].)

E®IB(I)®

ECHIB2(I)

RGFAC(I)*

RGFAC2(I)

HIBX(I)

Internal energy released in combustion at start of
deterred layer (1bf-in/1bm).

Internal energy released in combustion at end of
deterred layer (1lbf-in/lbm).

Factor by which burn rate is multiplied at start of
deterred layer (-).

Factor by which burn rate is multiplied at end of
deterred layer (-).

Depth of imibited layer (im).

Values within deterred layer deduced by linear spacewise
interpolation. Final values need not be the same as those of the
undeterred propellant,

File [CB]

"Igniter Thermochemistry” (8F10.0) One Card

N.B. File required if and only if II, JJ 2 2. (See File [N4].)

EIG

GMIG

GAMIG

VIG

Internal energy released in combustion (1bf~in/1lbm).
Molecular weight (lbm/1bmol).
Ratio of specific heats(-).

Specific volume of igniter solid-phase (in’/1bm).
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File [C9] .

*Igniter Discharge Times” (8F10.0) Omne to Five Cards

N.B, File required if and only if II, JJ 2 2, (See File [M41.)

TPRI(1) First time in tabular réprountltion of igniter discharge
. (sec).

TPHI(JTY) Last time,

File [C10]

"Igniter Discharge Positions” (8F10.0) One to Five Cards

N.B. File required if and only if II, JJ 2 2, (See File [M4].)

ZPRI(1) First position in tabular representation of igniter
. discharge (in).
ZPHI(II) Last position.
File [Ci1] "Igniter Rate of Discharge” (8F10.0) Two to Two Hundred

Cards

N.B. File required if and only if II, JJ 2 2. (See File [M4].)

PRI(1,1) Igniter discharge per unit length per unit time at first
positivn and first time (1lbm/in/sec).

PHI(2,1) Discharge at second position and first time,

PHI(II, 1) Discharge at last position and first time.

PI(1,2)°* Discharge at first position and second time,

PHI(II,J)) Discharge at last position and last time,

s PHI(1,J) begins & mew cerd, J =1, . . . . , JJ.
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File [M12]

"Tube Geometry"  (8F10.0) One to Three Cards

ZA(1) First axial location relative to breech (ins).
RA(1) Corresponding radius of bore (ins).

ZA(NSTA) Last axial location.

RA(NSTA) Corresponding radius,

File [C12] *Bore Resistance" (8F10.0) One to Five Cards

N.B File required if and only if NBRES 2 2, (See File [M4].)

BRZ(1) First axial location. If BRZ(1) > 0 it is understood to
be relative to breech (in). If BRZ(1) is entered as zero,
however, all values of BRZ are understood to be relative to
the initial position of the projectile.

BR(1) Corresponding resistance exerted on projectile when base is

. at BRZ(1) (psi).

BRZ (NBRES ) Last location,

BR(NBRES) Corresponding resistance.

File [C13] "Tuobe Thermal Properties” (8F10.0) One Card

N.B. File required if and omnly if JHIW # O. (See File [M2].)

KW
ALPH AW

ALFA¥

Thermal conductivity (1bf/sec/R).

Thermal diffusivity (in?/sec).

Emissivity factor (-).




File [C14] "Tabe Initial Temperature Profile” (8F10,0)
One to Three Cards

N.B. File required if and only if NTEM # 0. (See File [M4].)

Zw(1) First axial location relative to breech (inm).

TEMW(1) Corresponding wall temperature (R).

ZW(NIEM) Last location.

TEMN (NTENX) Corresponding temperature.

File [M13] "Projectilv and Rifiing Charscteristics” (8F10.0)
One Card

ZBPR Initial axial location of ba-2 of projectile relative to
breech (in).

WTPR Mass of projectile (1lbm).

PRIN Polar moment of inertia of prejectile (1bmin?).

RIF Angle of rifling(®).

File [C18, *Ith Forward Compactible ¥iller Element Properties”

(3F10.0,215) One Card

N.B, File required if and only if NEL # 0, (See File [M4].) File is
repeated NEL times.

XEL(I) Position of left-hand boundary of Ith element (in). The
array must he well ordered with respect to I. We require
XEL(I) 2 XEL(I-1). Forward elements are ordered so that
the first is to the left,

MEL(1) Mass of Ith element (lbm). If < 107*° element is
interpreted as s space. MEL(I) must be greater than 107%7,
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FEL(I) Initial resistance to motion of Ith element (1bf).

NTYPE(I) If NIYPE(I) = 0, element is treated as perfectly plastic
(deformation under loading osnly).

If NTYPE(I) = 1, element is treated as elastic.
If NTYPE(I) = 2, element is treated as rigid.
If NTYPE(I) = 3, element is treated as incompressible,

0 < NTYPE(I) £ 3.

NDATA(I) Number of pairs of entries in stress—strain tatle of
Ith element, 0 £ NDATA(I) £ 10.

File [C19] "Constitutive Data for Ith Forward Element" (8F10.0)
One to Three Cards

N.B. File required if and only if MEL(I) > 1071° and NTYPE(I) < 2. (See
File [C18].) File is repeated for each element for which NDATA > 0.
Files [C19], as a group, follow Files [C18], as a group.

YEL(I,1)* First engineering strain taken positive in compression
(dimensionless). Must be zero.

RESEL(I,1)** Corresponding stress taken positive in compressicn (psi).

-

RESEL(I,NDATA(I)) Last engineering stress., Should exceed maximum pressure

in gun,
* The array YEL must be well ordered. All entries must be in the
interval [0,1],
.

The array RESEL must have non-zero entries and must be non-decreasing
for each element.
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File [C19.1] *Ith Rear Compactible Filler Element Properties”
(3F10.0,215) One Card

N.B. File required if and only if NBL # 0. (See File [M4).) File is
repeated NBL times.

XBL(I) Position of right-hand boundary of Ith element (in). The
array must be well ordered with respect to I, XBL(I)
observes the opposite convention from that of XEL(I), that
is XBL(I) £ XBL(I-1) for 21l I. Resr elements are
tabul ated so that the first is to the right.

MBL(I) Mass of Ith element (lbm). If < 10™*° element is
interpreted as a space. MBL(I) must be greater than 10°%°,

FBL(I) Initial resistance to motion of Ith element (1bf).

NTYPB(I) If NTYPB(I) = 0, element is treated as perfectly plastic

(deformation uader loading only).

If NTYPB(I) = 1, element is treated as elastic.
If NTYPB(I) = 2, element is treated as rigid.
If NTYPB(I) = 3, element is treated as incompressible.

0 £ NTYPB(I) £ 3,

NDATB(I) Number of pairs of entries in stress—strain table of
Ith element. 0 < NDATB(I) £ 10.

File [C19.2] *Constitutive Data for Ith Rear Element” (8F10.0)
Opne to Three Cards

N.B. File required if and only if MEL(I) > 10™*° and NTYPE(I) < 2. (See
File [C19.1].) File is repeated for each element for which NDATB > 0.
Files [C19.2], as a group, follow Files [C19.1], as a group.

YBL(I,1)* First engineering strain taken positive in cumpression
(dimensionless). Must be zero.

RESBL(I,1)** Cozresponding stress taken positive in compression (psi).

RESBL(I,NDATB(I)) Last enginzering stress. Should exceed maximum pressure
in gun.

The array YBL must be well ordered. All entries must be in the

interval [0,1],
L 2] o~ - - . . P
The array RESBL musi huve now—zeéro eniries and must be amca-dcercasing
for each element.
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File [C23] "Positions for Pressure Table Storage” (8F10.0) One Card

N.B. File required if and only if NZPT # 0. (See File [M4].)

ZPT(1) First position, relative to breech (in).

ZPT(NZPT)* Last position.

* Output consists of tables of pressure at each of the NZPT positions

together with value less that at the NZPTth position,

File [€23.01] "Projectile Afterbody Pressure History Option” (8I5)
One Card

N.B. File required if and only if NZPT # 0 and MODET =1, (Sce File [M4].)

IZPT(1) 0 if ZPI(1) is fixed in the tube reference frame.
. 1 if ZPT(1) is fixed in the projectile afterbody
. reference frame.

IZPT(NZPT)

File [C23.1] "Kinetics Option Counters” (315) One Card

N.B, File required if and only if EMODE # 0. (See File [M2].)

NSPEC Number of species. 1 £ NsPEC £ 10.

NGASR Number of reactions occurring in the mixture of combustion
products, G £ NGASR £ 10. If NGASR > 0, File {C23.7] is
required.,

NSOLR Number of reactions occurring in the 1 lid-propellant.

0 £ NSOLR £ 10, If NSCLR > 0, File [C23,8] is required.

118




File [C23.2] "Properties of Species” {2M,1X, A1,6F10.0) NSPEC Cards

N.B. File required if and only if KMODE # 0. (See File [M2].)

SPONAM(I) Name of species, up to .8 alphanumeric characters.

FAZE (1) Phase of species: G = gas or vapory L = liquids S = solid.
One alphanumeric character.

SPCV(1) Specific heat at constant volume (1bf-in/1bm-R).

SPCP (1) Specific heat at constant pressure (1bf-in/l1lbm-R).

SPBV(I) Covolume (in’/1bm). Only required if FAZE = G,

SPMOL(I) Molecular weight (1bm/lbmol). Only required if FAZE = G.

SPDEN(I) Density (lbm/in’). Only required if FAZE = L or S.

Q.os(I) Transfer coefficient in correlation for rate of deposition

of condensed species on surface of solid propellant
(sec/in®). Only required if FAZE = L or §. If CLOS = 0,
the rate of deposition is zero.

N.B. The following File [C23.3] is repeated NPROP times, once for each type
of solid propellant.

File [C23.3] "Composition of Propellant Near Field Combustion Products”
(8F10.0) NPROP to 2¢NPROP Cards

N.B. File required if and only if KMODE # 0. (See File [M2].)

ECHO(I) Chemical energy released in near field combustion
(1bf-in/1bm).
Y0(I,1) Mass fraction of near field combustion products
. corresponding tu species type 1 (-).
YO(I,NSPEC) Mass fraction of near field combustion products

corresponding to species type NSPEC (-).
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File [C23.4] "Composition of Igniter Discharge Combustion Products”
(8F10.0) Ope to Two Cards.

N.B. File required if and only if KMODE £ 0. (See File [M2].)

ECHO(I) Chemicel energy released by combustion of igniter material
prior to injection (1bf-in/1bm).
YO(I,1) Mass fraction of igniter prcducts corrosponding to species
* type 1 (_)0
YO(I,NSFEC) Mass fraction of igniter products corresponding to species

type NSPEC (-),

File [C23.5] "Composition of Initial Ambient Gas" (8F10.0)
One to Two Cards

N.B. File required if and only if EMODE # 0. (See File [M2].)

ECHO(I) Internal energy (thermal component) of ambient gas (or
mixture if condensed species are initially present)
(1bf-in/1bm).

Yo (1,1) Mass fraction of species 1 (-).

Y0(XI,NSPEC) Mass fraction of species NSPEC (-),
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N.B. The following File is repeated NPROP times, once for each type of
solid propellant. Present storage limits only support the case
NPROP = 1 with KMNODE =2.

File [C23.6] *Initial Composition of>Solid Propellant” (8F10.0)
NPROP to 2¢*NPROP Cards

N.B, File required if and only if KMODE = 2. (See File [X2].)

EAO(I) Inactive,

Y0(1,1) Mass fraction of solid propellant corresponding to

. species 1 (-).

YO(I,NSPEC) Mass fraction of solid propellant corresponding to species
NSPEC (-).

File [C23.61] "Composition of Traveling Charge Near Field Comtustion
Products” (8F10.0) Ope to Two Cards

N. B. File required if and only if KMODE # 0 and NTC =1, (See File [M2].)

EWQTCO Chemical energy released in near field combustion of
traveling charge (1bf-in/lbm).

YT CO(I) Mass fraction of species 1 (-).

YTCO(NSPEC) Mass fraction of species NSPEC (-).

File [C23.62] "Types of Reactions in Mixture of r -bustion Products”
(10I5) One Card

N.B. File required if and only if EMODE ¥ 0, NGASR # 0 and NTC = 1, (See
Files [M2] and [C23.1}.)

KRCTYP(1) If 0, reaction 1 is of the Arrhenjius type and is described
. by File [C23.7).

. If 1, reaction 1l is of the pressure dependent type and is
. described by [C23.71].

. If NIC = 0, KRCTYP(I) defaults to zexo for all I.

ERCTYP(NGASR) Type of reaction NGASR
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File [C23.63]

*Species Thermal Equilibration Switches” (10I5) One Card

N.B. File required if and only if XKMODE # 0, NGASR # 0 and NIC = 1,
(See Files [M2] and [C23.1].)

KTEQL(1)

KTHL(NSPEC)

If O, species 1 is assumed to be in constant thermal
equilibrium with mixture of combustion products.

If 1, species 1 is assumed to be thermally irsulated from
mixture of combustion products. Xf NTC = 0, KTBAL(I)
defaults to zero for all I.

Themal equilibration switch for species NSFEC.,

File [C23.7]

"Description of Arrhenius Reactions in Mixture of

Combustion Prodncts”
(815/8F10 .0/F10.0,D10.4,F10.0,D10 .4 ,4F10.0/F10.0)
Four Cards For Each Such Reaction

N.B. File required if and only if KMODE # O, NGASR # 0 and KRCTYP(I) =
(See Files [M2], [C23.1] and [C23.62]).)

ERONTB(1,1)*

IRONTB(4, 1)

KPRODB(1,1)"

KPRODB( 4, 1)

STOIB(1,I)

STOIB(4,1)

Pointer to first species acting as a reactant in
reaction I. 0 < ERONTB £ NSPEC.

Pointer to fourth species acting as s reactant inm
reaction I.

Pointer to first species acting as & product in reaction I.
0 < KPRODB < NSPEC.

Pointer to fourth species acting as a product inm
reaction I,

Stoichiametric coefficient corresponding to first reactant
species (-). Starts a new card.

Stoichiometric coefficient corresponding to fourth reactant
species (-).
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STOIB(5,I) Stoichiometric coefiicient corresponding to first product

. species (-).
STOIB(8,I) Stoichiometric coefficient correisponding to fourth product
species (~).
ECHB(I) Chemical energy relexsed by reaction (1bf-in/lbm). Starts
s new card,
ARCB(I) Pre-exponential factor in Arrhenius rate lav (units yield
1bm/ in'~sec).
ARXB(I) Temperature exponent in Arrhenius rate law (-).
AREB(I) Activation energy in Arrhenius rate lew (1hf-in/lbmcl).
AROB(1,1) Order of reaction with respect to comcentration of first
. reactant species (-).
AROB(4,1) Order of reaction with respect to comcentration of fourth

reactant species (~).

AROB(5,1) Order of reaction with respect to comcentration of gas-
phase (-). Starts a new card.

The most genersl reaction supported imvolves four reactant and four
product species., At least ome reactant pointer and ome product
pointer must be different from zero. A zero entry simply implies a
reduction in generality of the reaction.
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File [C23.71] "Description of Pressure-Dependent Reactions in Mixture of
Combustion Products” (8I5/8F10.0/8F10.0)
Three Cards For Each Such Reaction

N.B. File 1equired if and only if EMODE # 0, NGASR # 0 and KRCIYP(I) = 1.
(See Files ([M2], [C23.1) and [C23.62].)

ERONTB/1,1)* Pointer to first species acting as a reactant in
. reaction I. 0 < KRONTB £ NSPEC.
ERONTB (4, 1) Pointer to fourth species acting as a reactant in
reaction I,
KPRODE(1,1)* Pointer to first species acting as a product in reaction I,
. 0 < KPRODB < NSPEC.
KPRODB (4, 1) Pointer to fourth species acting as a product in
reaction I,
STOIB(1,1I) Stoichiometri: coefficient corresponding to first reactant
. species (=), D>drarts a new card.
STOIB(4,I) Stoichiometric coefficient corresponding to fourth reactant

species (-).

STOIB(5,1) Stoichiometric coefficient corresponding to first product
. species (=),
STOIB(8,I) Stoichiometric coefficient corresponding to fourth product

species (-).

ECHB(I) Chemical energy released by reaction (1bf-in/lbm), Starts
& new card.
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DIAB(I) Particle diameter, assumed constant (in).

B1B(1) Burn rate additive constant (in/sec).

B2B(I) Burn rate pre-exponential factor (in/sac-psiBNB),
BNB(I) Burn rate exponent (-)

.

The most general reaction supported involves four reactant and four
product species, At least one reactant pointer and one product
pointer must be different {rom zero. A zero eantry simply implies a
reduction in generality of the reaction,

File [C23.8] "Description of Reactions in Solid Propellant”
(815/8F10,.0/F10,0,D10.4,F10,0,D10.4 ,4F10,0; 3*NSOLR Cards

N.B. File required if and only if KMODE # 0 and NSOLR # 0, (See Files [M2]
and [C23.1].)

ERONTS(1,1)* Pointer to first species acting as a reactant in
. reaction I. 0 £ ERCNTS £ NSPEC.

)

ERONTS (4, 1) Pointer to fourth species acting as a reactant in
reaction I,

KPRODS(1,1)* Pointer to first species acting as a product in reaction I.
. 0 < EPRODS < NSPEC.

KPRODS(4,1) Pointer tc fourth species acting as a product in
reaction I,

STOIS(1,1) Stoichiometric coefficient corresponding to first reactant
. species (-). Starts a new card.

STOIS(4,1) Stoichiometric coefficient corresponding to fourth reactart
species (-).
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STOIS(S5,1) Stoichiometric coefficient corresponding to first product

. species (-).
STOIS(8,1) Stoichiometric coefficient corresponding to fourth product
species (-).
ECHS(I) Chomical energy released by reaction (1bf-in/lbm). Starts
& new card.
ARCS(I) Pre—exponential factor in Arrhenius rate law (units yield
1bm/in’-sec).
ARXS(I) Temperature exponent in Arrhenius rate law (-).
ARES(I) Activation energy in Arrhenius rate law (1bf-in/lbmol).
AROS(1,1I) Order of reaction with respect to concentration of first
. reactant species (-).
AROS(4,1) Order of reaction with respect to concemtration of fourth

reactant species (-),

The most general reaction supported involves four reactant and four
product species. At least ome reactant pointer and ome product
pointer must be differevt from zero. A zezro entry simply implies a
reduction in generality of the reaction.
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File [C23.9] "Solid Propellant Thermal Response Parameters”
(31I5,5F10.0) One Card

N.B. File required if and only if KMODE = 2, (See File [M2].)

NZC Number of stations for analysis of thermal response of
solid propellant., © £ nze £ 21,

NZGBC If 0, pyrolysis law is assmmed to goveir | regreasion of
surface of solid propellant.
If 1, evaporative (Clausius Clapeyron) law is assmmed to
govern regression of surface of solid propellant.

NOFLAX If 0, hoat feedback from the gas—phase is considered
according to the Zel'dovitch formulism.
If 1, heat feedback from the gas—phase !s neglected.

AS Pre-exponential factor in solid propellant surface
regression law., If NZCBC = 0, wits are in/sec, If
NZ(BC = 1, units are psi.

ES Activation energy (NZCBC = 0) or heat of vaporizatioa
(NZCGBC = 1) in solid propellant surface regression law
(1bf-in/1btmol),

TSEN Tempersture sonsitivity of propellant steady state burm
rate (1/R).

TIRANS Time interval over which extermal stimulus drops to zero
following igrition of the surface of the propellant (sec).

PIRANS Pressurc above which themal analysis is discontinued and
steady state combustion is assmmed to occur (psi).
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File [C24] *Parsmeters to Define Mosh in Invariant Fmbedding Analysis”
(F10.0,31I5) One Card

N.B. File roquired if and only if KMODE = 2. (See File [M2].)

DELX" Moesh spacing in group closest to heated surface (sec‘l’)
DALX > 0.

N** Number of intervals per group.

MDELX Integer mcltiple by which mesh spacing increases from group
to group as we move away from heated surface.

NGRP Number of groups. 1 < NGR? £ 10,

. Refers to computational coordimate x/iT where x is distance from

heated surface and a is thermal diffusivity.
**  NeNoRP < 200,
File [C25] *Tank Gun Option Comtrol Data” (16IS) One Card

N.B. File required if and only if MODET = 1, (See File [M2].)

NAFT Number of pairs of data to describe projectile afterbody.
NAFT may be zero, Otherwise 2 £ NAFT £ 10.
JI18(1) Switch to define level of modeling of surface source term
attributed to tube wall,
J18(1) - Model
0 No source term
1 Tabul ar source temm
2 Rate of souvrce determined according

to ignition and combustion submodels.

JI8(2) Switoch to defime level of modeling of surface source tem
attributed to centerlime of tube.

JI8(3) Switch to define level of nodeling¢of surface source term
ettributed to afterbody of projectile,




NENDL

NPEM
NRCT

NSBEGS(1)

NSEG S(2)

NSEG S(3)

ECTRL

NZ CRE

INHBCR(1)

Number of endwalls defined by pucknging of charge.
0 < NENDL £ 21.

Nunber of pemeability data sets. 0 < NPRN < 10,
Number of reactivity dnfn sets. 0 < NRCT 9.

Number of segments having different properties in tube wall
surface source. O < NSEGS(1) £ 3. Default value is 1.

Number of segments in centerline surface :ource.

Number of segments in afterbody surface source.

If 0, control charge not present.

If 1, control charge is present. Files [C28] - [C28.7]

required.

Number of data to describe exteraal geometry of ballistic
control tube.

If 0, control charge not deterred.
If 1, control charge is deterred.

File [C25.1]

"Geometry of Projectile Afterbody” (8F10.0)
One to Three Cards,

N.B. File required if and only if MODET = 1 and NAFT 2 2.
(See Files [M2] and [C25].)

ZAFT(1)* First axial position on afterbody (in).
KAFT (1) Corresponding radius of afterbody (in).
ZAFT (NAFT) Last axial position,

RAFT(NAFT) Corresponding radius of afterbody.

.

The origin of the coordinate ZAFT is independent of that used to describe
the gun tube.

INOVAT internally reconciles the coordincte frames by

assuning that ZAFT(NAFT) coincides with ZBPR. (See File [M13].)




N.B. The following files, [C25.2) through [C26.3] are repeated, as needed,
as a group for each of the thres types of reactive layers whose

presence is indicated by a non-zero value of JIS(I).
(See File [C25].)

File [C25.2] “*Thickness and Density Counters for Reactive Layer I* (4I15)
One Card

N.B. File required if and only if MODET = 1 and JIS(I) # 0.
(See Files [M2] and [C25].)

NSTAC(I) Number of data to describe thickness of reactive layer I.
2 & NSTAC(I) £ 10,

NRHOS(I,1) Number of data to describe density of first segment of
reactive layer I as a function of pressure.
1 £ Nmes(I) £ 10,

NRHOS(I,2) Number of data for second segment of reactive layex I,

NRHOS(I, 3) Number of data for third segment.

File [C25.3] *Thickness of Reactive Layer I" (8F10.G) One to Three Cards

N.B. File required if and only if KODET = 1 and JIS(I) # 0.
(See Files [M2] and [C25]1.)

ZAC(I,I). First axial position (in).

THC(1,I) Corresponding thickness of reactive layer (im).

ZAC(NSTAC(I),1) Last 2xial position.

THC(NSTAC(I),I) Corzresponding thickness,

When I =1 or 2, ZAC is agssuned to refer to the coordinate system used to
define the tube geometry. Wkezm I = 3, ZAC isx assumed to corsespond to
the coordinate ixystem used to define the afterbody of the projectile.

The tbickness of layer I is takea to bc zero outside the table range.
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File [C25.31] “Segment Pointers for Reactive Layer I (8I5) One Card

N.B. File required if and only if MODET = 1, JIS(I) # 0 and NSEGS(I) > 1.
(Ses Files [M2] and [C25].)

NSG(1,I) Segment property type for axial positions between ZAC(1,I)
and ZAC(2,1).

NSG(NSTAC(X)-1,I) Segment property type for axial positions between
ZAC(NSTAC(I)-1,I) and ZAC(NSTAC(I),I).

NSG(NSTAC(I),I) Not used.

N.B. If Reactive Layer I consists of more than ont segment, the following
Files [C25.4] through [C26.3] are ropcated as a group for each of the
segments of the layer. The subscript pertaining to the segment is
suppressed in the following discussion.

File [C25.4] “"Density of Reactive Luyer I" (8F10.0) One to Three Cards

N.B. File required if and only if MUDET = 1 and JIS(I) # O.
(See Files [M2] and [C25].)

REOS(1,1)* Value of density at first pressure (lbm/in’),

PRRGS (1, 1) First value of pressure (psi).

PHOS(NRHOS(I),1) Last value of density.

PRHOS(NERHOS(I),I) Last value of pressure.

* Outside the table range, the first or the last value of FHOS applies. If

a single value is specified, the density is taken to be constant and
therefore independent of pressure.

At present, case compressibility is only modeled if JIS(I) = 2, (See File
[C251.)
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File [C25.5] "Counter to Describe Discharge of Reactive Layer I (2I5)
One Card

N.B., File required if and only if MODET = 1 and JIS(I) = 1.
(See Files [M2] and [C25].)

IIS(I) Number of axial positions in discharge table,
2 £ 11s(1) < 10.

JIS(I) Number of times in discharge table. 2 £ JIS(I) £ 10.

File [C25.6] *"Positions to Describe Discharge of Reactive Layer I
(8F10.0) One to Two Cards

N.B. File required if and only if MODET = 1 and JIS(I) = 1.
(See Files [M2] and [C25].)

ZMIS(1,I)* First position (in).

ZPHIS(IIS(I),I) Last position (in),

* The coordinate frame for ZPHIS is assumed to accord with that for ZAC,

(See File [C25.3]1.)

File [C25.7] *"Times to Describe Discharge of Reactive Layer I" (8F10.0)
One to Two Cards

N.B. File required if and only if MODET = 1 and JIS(1) = 1.
(See Files [M2] aud [C25].)

TPHIS(1,X) First time (msec).

TPHIS(JIS(I),I) Last time (msec).
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File [C25.8] “Rate of Discharge of Reactive Layer I" (8F10,0)
One to Thirteen Cards

N.B. File required if and only if MODET = 1 and JIS(I) = 1.
(See Files [M2] and [C25].)

PHIS(1,1,Y) Rate of discharge at first position and first time
(1bm/insec).

PHIS(2,1,1I) Rate of discharge at second position and first time.

PHIS(IIS(I),1,X) Rate of discharge at last position and first time.

PHIS(IXIS(I),JIS(I),I) Rate of discharge st last position and last time.

File [C25.9] ”"Burn Rate Counters for Reactive Layer I" (215) One Card

N.B. File required if and only if MODET = 1 and JIS(I) = 2,
(See Files [M2] and [C25].)

EBRDS (1) \unber of burn rate data. 1 < EBRDS £ 10.

ENHIB(I) If 0, layer I is not deterred.
If 1, iayer I is deterred.

File [C26] "Buru Rate Data for Reactive Layer I* (8F10.0)
One to Three Cards

N.B. File required if and only if MODET = 1 and JIS(I) = 2.
(See Files [M2] and [C25]).)

UPPRS(1,I)* First pressure limit (psi),

B225(1,1) Value of pre-expoment for pressures less than UPPRS(1,I)
(in/sec~-psiBNNS)




BNNS(1,I) Value of oxponent for pressures less than UPPRS(1,I) (-).

UPPRS(KBRDS(I).I)‘ Last pressure limit (psi).

B22S(KBRDS(I),1I) Value of pre—exponent for pressures less than
UPPRS(KBRDS(I),I) but greater that UPPRS(KBRUS(I)-1,I).

BNNS(KBRDS(I),I) Corresponding exponent (-).

Outside the table range the first and last values are used.

File [C26.1] "Ignition Data for Reactive Layer I* (8F10.0) One Card

N.B. File reguired if and only if MODET = 1 and JIS(I) = 2,
(See Files [M2] and [C25].)

B1S(I) Burn rate additive constant (in/sec).
TMPIGS(I) Ignition temperature (R).

KPS(I) Themal conductivity (1bf/sec-R).
ALPHAS(I) Themal diffusivity (in*/sec).

File [C26.2] “Themochemical Data for Reactive Layer I" (8F10.0) One Card

N.B. File required if and only if MODET = 1 and JIS(I) = 2.
(See Files [M2] and [C25].)

EIGS(I) Chemical energy released during combustion (1bf-in/1btm).

GMS (1) Molecular weight of products of combustion (lbm/1bmol).

GAMAS(I) Ratio of specific heats (-).




File [C26.21] "Composition of Reactive Layer Near Field Combustion

Products” (8F10.0) One Card

N.B. File required if and only if MODET .= 1, KMODE = 1 and JIS(I) = 2.,
(See Files [M2] and [C25].)

Yso(I1,1)

Mass fraction of species 1 (-).

YSO(I,NSPEC) Mass fraction of species NSPEC (-).

File [C26.3] “"Properties of Deterred Layer of Reactive Layer I* (8F10.0)

One Card

N.B. File required if and only if MODET = 1, JIS(I) = 2 and KENHIB(I) = 1,
(See Files [M2), [C25) and [C25.9].)

EQIS(I)®

EQIS2(I)

BGFAS(I)*

RGFAS2(I)

HIBS(I)

Internal energy released in combustion at start of deterred
layer (1bf—in/1btm)}.

Internal energy released in combustion at end of deterred layer
(1bf-in/1bm).

Factor by which burn rate is multiplied at start of deterred
iayer (-).

Factor by which burn rate is multiplisd at end of deterred
layer (-).

Depth of deterred layer (in).

Values within deterred layer deduced by linear spacowise interpolation
with an allowance for compression of the reactive layer. Fimal values
peed not be the same as those of the undeterred layer.




File [C26.4] "Endwall Properiy Pointers” (4I5) NENDL Cards

N.B, File required if and only if MODET = 1 and NENDL # O,
(Soe Files [M2] and [C25].)

NBAGL(I) Pointer to propellant increment to which Ith endwall is
attached. If NBAGL(I) = O, the endwall is axsumed to be
attached to the breech of the gun. An increment may include
several parallel packaged bundles of propellant,

NBAGE(I) If O, endwall is at rear of increment.
If 1, endwell is at front of increment.

NREACT (X) Pointer to reactivity models associated with endwall, NREACT
is interpreted as a four digit number. Each digit points to a
different model. A zero value implies no reactivity. The
digits have the following meanings

Digit Source of Reactivity

1 Internal attached component
2 Interior of endwall
3 Exterior of endwall
4

Exterual attached component

NPERM(I) Pointer to permeability model associated with endwail.

File [C26.5] “"Permeability Model Data® (8F10.0) NPRM Cards

N.B. File required if and only if MODET = 1 and NPRM # 0.
(See Files [M2] and [C25].)

PRM(I1) Initial flow resistance coefficient for Ith model (-).

RUPSTR(I) Pressure differential at which rupture of endwall commences
(psi).

ROPINT(1) Time interval over which rupture of endwall is completed
(msec).
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N.B. The following Files, [C26.6] through [C27], are repeated as & group
for each of the NRCT reactivity models.

File [C26.6] *"File Counters for I-th Reactivity Model®” (3I5) One Tard

N.B. File required if and only if MODET = 1 and NRCT # O,
(See Files [M2] and [C25].)

KBRDE (I) Number of data iau modeled burn rate description (-). If
EBRDE(I) = 0, it is assumed that tabuiar discharge data are
specified. 0 < KBRDE(I) £ 10.

IGCRIT(I) Ignition criterion for modeled burn rate description.
Ignition is determined by reference to VALIG(I)
(File [C26.8]) as follows.,

IGARIT(I) VALIG(I)
1 Time Delay (usec)
2 Mmbient gas temperature (R)

Neighboring propellant temperature (R)

(5]

JRCT(I) Number of datas in tabular burn rate description (-),
JRCT(I) =0 or 2 < JRCT(I) ¢ 8.

File [C26.7] “"Thermochemical Data for I-th Reactivity Model” (8F10.0)
One Card

N.B. File required if and only if MODET = 1 and NRCT # 0.
(See Files [M2) and {C25].)

RHOE(I) Density (lbm/in’),

EIGE (I) Chemical energy released during combustion (1bf-in/lbm).
GME(I) Molecular weight of combustion products (1lbm/ibmol).
GAMAE (1) Ratio of specific heats of combustion products (-).
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File [C26.71] "Composition of Near Field Combustion Products of I-tk
Reactivity Model” (8F10.0) One Caxd

N.B. File required if and only if MODET = 1, KMODE = 1 and NRCT # 0.
(See Files [M2] and [C25]).)

YEE(I,1) Mass fraction of species 1 (-).

YEE(I,NSPEC) Mass fraction of species NSPEC (=),

File [C26.8] "Iynition Value for I-th Reactivity Model” (8F10.0) One Card

N.B. File required if and omly if MODET = 1, NRCT # 0 and KBRDE(I) # O.
(See Files [M2], [C25] and [C26.6].)

VALIG(X) Value of time delay (msec), gas temperature (R) or propellant
temperature (R) in accordance with IGCRIT(Y) as defined above,
(See File [C26.6].)

File [C26.9] “Burn Rate Data for I-th Reactivity MNodel" (8F10.0)
One to Three Cards

N.B. File required if and only if MODET = 1, NRCT # 0 and KBRDE(I) # 0.
(See Files [M2), [C25] snd [C26.6].)

UPPRE(I,I). First pressure limit (psi).

B22E(1,1) Value of pre-exponent for pressures less than UPPRE(1,I)
(in/sec—-psiBNNE)

BNNE(1,1) Value of oxponment for pressures less than UPPRE(1,I) (-).

UPPRE(KBRDE(I),I)* Last pressure limit (psi).

B22E(KBRDE(I), 1) Value of pre-expornent for pressures less than
UPPRE(KBRDE(1),I) but greater than UPPRE(KBRDE(I)-1,I1),

BN (IBRDE(I),I) Corresponding exponent (-).

Outside the table range the first and last valuet are used.
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File [C27] “"Tabular Descriptioa of I-th Reactivity Model” (8F10.0)
One or Two Cards

N.B. File required if and only if MODET = 1, NRCT # O, KBEDE(I) = 0 and
2 S TRCT(X) £ 8. (See Files [M2], [C25] and [C26.6).)

MCT(1,1) First value of time (msec).

FLORCI(1,1) Corresponding rate of combustion (1bm/in’-sec).

TRCTITRCT (X)), I) Last value of time.

FLORCT(JRCT(1),I) Corresponding rate of combustion.

File [C28] "Internal Properties of Control Charge Combustion Chamber”
{8F10.0) One Caxd

N.B. File required if and only if MODET = 1 and KCTIRL £ O,
(See Files [M2] and [C25].)

CDCR Dischargs coefficient for veating to gua chamber (-).
RR1 Internnl rzadius of bors {im).
VRO Initiel chamber volume corresponding to zero afterbody

oftset (in®).

ZCRO Initial afterbody offset (im).
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File [C28,1] *"External Properties cf Contzol Charge Combustion Chamber”
(3F10.0) NZCRE Cards

N.B. File required if and oaly if MOUET = 1 and XCIRL # 0.
{See Files [M2] and [C251.)

Z(RE(1) First axial position relative to breechface of gun (in).
RCRE(L) Corresponding external radius of chamber (in).
AVENT{1) ‘Total sidewall vent ares exposed when base of afterbody is at

Z(RE(1) (ia?).

Z(RE(2) Second axial position. (Nem Card)

ZORE(MZ(RE} Last axial position, (New Card)
RCRE (NZCRE)

AVENT(NZCRE)

File [C28.2) "Control Charge Type®” (5A4,2F10.0) One Card

N.B. File required if and only if MODET = 1 and KCTRL 4 O.
{(See Files [M2] and [C25]1.)

GENNCR Nare of propsllant, Up to 20 alphanumeric cheracters.
¥GTR Mass of contxocl charge (1lbm).
FEOPCR Density of propellaut (lbe/in’),
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File [C28.3] “Control Charge Form Function® (I5,4F10.0) One Card

N.B. File required if and only if MODET ~ 1 and KCTRL #.0.
(See Files [M2] and [C25].)

NFRK ™ Form function indicator., See discussion of File [M8].
Allowable values of NFRMCR sre 1, 2, 5, 6 and 7.

ODCR Grain dimension (in), 8eec File [M8].

DPRFCR Grain dimension (in). See File [N8].

GLENCR Grain length (inm).

NPRFCR Number of perforations (-).

File [C28.4] “"Control Charge Burn Rate Counter” (I5) One Card

N.B. File required if and only if MODET = i and KCTRL # 0,
(See Files [M2] ané [C25).)

NBRDCR Number of sets of values used to describe dburm rate.
1 NBRDR £ 10.

File [C28.5] “"Control Charge Burn Rate Description” (8F10.0)
One to Four Cards

N.B. File required if and omly if MODET = 1 and ECTRL # O,
(See Files [M2] and [C25].)

UPPCR(1) Maximum value of prcssure for ocrresponding values of burn rate
pre—exponential and exponentixl factors (psi)

B22CR(1) Burning rate pre~ezponential factor (in/seo-psi®),

BNNCR(1) Burning rate exponemt (-).

.
.

uipm(mgncn) Meximuw: value for last set of burn rete dats,
B22(NBRD(R) Corresponding pre—expousnt,

BNN(NBRDCR) Corresponding exponert,

B1CR Burning rate additive constant {in/sec).

DELCR Ignition delay (msec).
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'il1e [C28.6] "Control Charge Thermochemistry” (8F10.0) One Card

.B. File required if and only if MODET = 1 and ECTRL # O,
(See Files [M2] and [{25].)

/CHCR Internal energy released in combustion (lbf-in/lbm).
MCR Molecular weight of combustion products (1bm/lbmol).
AMACR Ratio of specific heats (-),

'ile [C28.7]) "Properties of Deterred Layex” (8F10,.0) One Card

\.B. File required if and only if MODET = 1 und KCTRL # O and INHBCR =1,
(See Files [M2] and [CZ5].)

'(RIB® Interna]l energy released in combustion at start of
deterred layer (1bf-in/1bm),

ICRIB2 Internal energy relcased in combustion at emd of
deterred leyer (1bf-in/lbm).

RGFCR Factor by which bucn rate is multiplied at start of
deterred layer ().

G FCR2 Factor by which hurn rate is multiplied at end of
deterred layer (-).

HIBXCR Depth of inhilLited layer (in).

Veolues within deterred layer deduced by linear spacewise
interpolation. Final values need not be the smme as those of the
undeiterred propellant.
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File [TC1]

"Traveling Charge Control Data® (7I5) One Card TC-Mandatory

IDEAL Propellant burn rate indicator.

0 - Messured burn rate data. See Files [TCS]-[TCBI].

1 - Not supported.

2 - Ideal burning with prespecified value of pressure on
either side of gas/traveling charge interface or of
projectile acceleration. Note the discussion of SIGNAX,

NPRC 0 - Travsling charge treated as rigid.

1 - Traveling charge treated as a continomm with analytical
description of rheology. File [TC9)] required.

2 — Traveling charge treated as convinuum with tabular
description of rheology. Files [TC10] and [TC11)
required.

NPROP Number of traveling charge increments (maximum of 20).
NV FR Ptopellnnt Wall Friction Parameter.

0 - Friction between propellant and tube mot considered.

1 - Friction due to gas film, File [TC12] required.

70 - Number of entries in velocity depenaent coefficient of
friction tatle (maximum of 10). File [TC13] required.

NBRES1 0 -~ Obturator resistance not given as table,

>0 — Number of entries in table of resiztive pressure versus

travel (maximum of 10)., PFile [TC14] required.
NBRES2 0 - Resistance due to shocked air not sonsidered.

1 - Resittance due to shocked air considered, File [TC15]
reguired,

NBRES3 0 - (bturetor resistance not proportional to setback
pressure.

>0 — Number of entries in table of veiocicty-dependent
coefficient of friction of obturator (mazimws ¢f 10},
Files [TC16] and (TC17] required.

File (TC2] "Mosh Parameters” (I5,F10,0) One Card TC-Mandatory
MAXDIM Maximum number of mesh points to be used in continvum

representation of traveling charge (£ 100).

DXMIN Minimum mesh size for continoum representation (in).
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File [TC3]

“General Properties” (6F10.0) One Card TC-Mandatozy

DB

XIB

PRM

SIGMAX

APMAX

Dismeter of tube (in).
Initial length of gas column (im).
Mass of projectile (1bm).

Maximum value of pressure at gas/propecllant interface (psi).
If SIGMAX = 0, no restriction is considered. SIGMAX pertains
to the reacted or the unreacted side of the flame according
as NPORS(EK) = 0 or 1 respectively. (See File [TC5].)

Maximum value of Mach number of combusiion products relative
to regressing surface, If MACH = 0, nc restriction is
considered,

Maximum value of acceleration of projectile (gravities). If
APMAX = 0, no restriction is considered.

N.B. Files [TC4] through [TC13] pertain to a specific type of

propellant.
relevant contingencies,
charge propellant in the problem.

The sequence [TC4] through [TC13], subject to
is repeated for each type of traveling
Tke index KK used in the

following file descriptions runs through th: values

1,2, . «» NPROP, where NPROP is definsd in File [TC1].
File [TC4] ’Propellant nemocﬁeﬁicul Prope:‘ies; 77(8F10.0) One Card
TC-Mandatury

X5AM (KK) Ratio of specific heats of gas (-).

XBV(KK) Covolume (in'/lbm).

XMOL(KK) Molecul ar we_ight (1ba/ibmol).,

XECHEM(EE) Chemical energy of propellant (ibf-in/1lbm).

XRIOP (KX} Density of solid propellant at zero pressure (lbm/in’).

XM (KK) Mass of propellant (lbm).

XCRIT(EK) Time delay following first exposure of increment base before
combustion bigins (msec).

XDEL (KK) Time interval over which increment combustion rate increases

to steady-state value (msec).




File [{TC5]  "Burn Rate Switches" (2I5) One Card TC-Mandatory

MNBR1(KR) 0 - Exponential fom for measured burn rate description of
propcllant KK,
-~ Tabular form for measured burn rate description of
propellant KK,

NPORS (KK) 0 - Moasured burn rate data are given as function of pressure
on reacted side of flame. Ideal burn rate value SIGMAX
(see File [TC3]) pertains to reacted side.
1 - Measured burn rate data are given as function of pressure
on mreacted side of flame, Ideal burn rate value SIGMAX
pertains to unreacted side,

File [TCé6; *Tabular Burn Rate Data® (2I5,F10.0) One Card TC-Contingent

N.B. File is requnired if and only if IDEAL = 0 and MNBR1(KK) = 1,
(See Files [TC1] and [TCS]).

NBRP(KK) Number of pairs of data in KE-th tabular description of burn
rate (maximum of 20.)

INTD Number of table entries to use in divided difference
interpolation, The same value is assumed for all
propellants,

B1(KK) Burn rate additive constant for EK-th increment (in/sec).

——

File [TC7] "Tabuler Burn Rate Data (cont'd)” (2F10.0) NBRP(KK) Cards
TC-Contingent

N.B. File is required if and only if IDEAL = 0 and MNBR1L(KK) = 1,
(Ses Files [TC1] and [TCS5].)

PE(1,KX) First value of pressure in tabular description of burn rate
of propellant KK (psi).

RP(1,KK) First value of burn rate of propellant KE corresponding to
PE(1,KK) (in/sec),

.
.

PE (NBRP (KK) ,KK)

RP (NBRP (KX) ,KK)
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file [TC8] "Exponential Burn Rate Data” (3F10.0) One Card TC-Contingent

N.B. File required if and onmly if IDEAL = 0 and MNBR1(EKK) = 0.
(See Files [TC1l] and [TCS5].)

31(KK) Burn rate additive constant for KK-th propellant (in/sec).

32(KK) Burn rate pre-exponential coefficient for KE-th propellant
(in/sec~-psiBN),

IN(KK) Burn rate expoment for KK—-th propslilant (--).

File [TC9] “Propellant Analytical Rheology Data” (2F10,0) One Card
TC-Contingent

N.B. File required if and ouly if NPRC = .  (See File ([TC1].)

XAUP (KK) Compressive wave speed at zero pressure in analytical
description of propellant rheology (in/sec).

XADFN(KK ) Expansion wave speed in analytical description of propellant
rheology (in/sec). If XADWN(EK) is ent2red so that it is
less than the nominal compressive wave speed, the loading
value is used. By entering XADWN(EK) = 0, a reversible law
is defined.

File [TC10] “"Propellant Tabular Rhvology Data” (I5) One Card
TC-Contingent

N.B. File required if and only if NPRC = 2. (See File [TC1].)

MNSS(EK) Number of pairs of entries in tabular description of
propellant rheology (maximum of 20).
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File [TC11]) *"Propellant Tabular Rheology Data (cont’d)* (3F10.0)
MNSS(KK) Cards TC—-Contingent

N.B. File required if and only if NPRC = 2, (See File [TC1].)

PSTA(1,KK) First value of percent strain in tabular description of
propellant rheology (-).

STRL(1,KK) Corresponding value of pressure on nominal loading
(compression curve (psi)).

STRU(1,KK) Corresponding value of prossure on nominal unloading
(expansion curve (psi)).

PSTA (MNSS{EK), EKK)
STRL{MNSS(EK),KK)

STRU(MNSS(KK) , KK

File [TC12] “"Ablative Film Data” (2F10.0) Une Card TC-Contingent

N.B. File required if and only if NWKR < 0. (See File [TC1].)

VISLYR(KK) Viscosity of gas film used to lubricate propellant
(lbm/in-sec).

DELYR (EK) Thickness of film (in).

File [TC13] *Propellant Friction Data” (8F10.0) One to Three Cards
TC-Contingent

N.B., File required if and only if MFR > 0, (See File ITC1l.)
All propellants are assumed to have the same number of data NWFR,

AMUV(1,KK) First velue of velocity of propellunt (in/sec).
AMU(1,KEK) Corresponding coefficient of friction om tube (-).

AMUV(NWFR,KE) Last value of velocity (in/sec).

AMU(M PR, KK Corresponding cceificient of friction (-).
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File [TC14] “"Tabul ar Bore Resistance Data® (8F10.0) One to Three Cards
TC-Contingent

N.B, File required if and only if NBRESI £ 0. (See File [TC1].)

BRX(1) First value of projectile travel (inm).
BR(1) Corresponding value of resistive pressure dume to obturator
(psi).

BRX(MNBRES1) Last value of projectile travel (in).

BR(NBRES1) Corresponding value of resistive pressurc (psi).

File [TC15] ”Barrel Shock Resistance Data” (4F10.0) One Card
TC-Contingent

N.B, File required if and only if NBRES2 # 0. (See File [TC1}.)

ARG AM Ratio of specific heats of air (-).

AIRPO Pressure of air in barrel (psi).

AIRTO Temperature of air in barrel (R).

AIRMW Molecular weight of air in bazrrel (1lbm/1bmol).

File [TC16] "Obturator Setback Resistance Data” (3F10.0) One Card
TC-Contingent

N.B. File required if and only if NBRES3 # 0. (See File ([TC1].)

FRMB Mass of projectile ahead of midpoint of obturating band
(1tm) ,

B3 Length of bearing section of obtnurating band (in).

ANG Poisson's ratio of obturatimg band (-).
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File [TC17] "Obturator Friction Data" (8F10.0) One to Three Cards
TC-Contingent

N.B. File required if and only if NBRES3 # 0. (See File [TC1].)
BMOV(1) First value of velosity of projectile (in/sec).

BMU(1) Corresponding value of coefficient of friction between
-obturator and tube (-),

BMUV(NBRES3) Last value of velocity of projectile (in/sec).

BMU(NBRES3) Corresponding coefficient of friction (-).
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